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(m'l:n 1vm) 

'll'U!il zj~'l~f'lmT~'W?l"l'W11L 'U'UL u1~'UL u1V1:i.nt1~ihht~'Ylfii11'V'l?l~'11V1f'lJtnfm:n 11r1:i.JtL ~~ L 'U'U"l"lU'Utl1LBeJ1 " " , 
Lrl'Yl'U'U (erlotinib) -.5'!ilL tlmnviiiu1t~'Yl6Jl1'\"lL 'Un11£J'U8~n11v\'1~1'U'IJeJ~ 1 'U1~'U EGFR ~~1~'W1l.J1L'ULD'U 

BUvl'U~'U, '11Vlf'lJ~'U1EJL1fll.J~L ~~ LL~eJ~1~'bnml.JL~eJH't11'll'U!ili1~!il~elf1ULiJ'U1tEJtL1'11 9-13 L~el'U ~n"l~ 

Lf1!ilf111ieJEJ1L~eJ~"l1f1f111n'11EJ~U6.ff 'WviaeJ~ T790M 'IJe)~ 1 'U1~'U EGFR viu~L1WL!ilLl.J'W1 'YlL1'11'W1flb'U?l (TK) , 

vr~i1Uf111rl'UVl1"111'U1~neJ'lJvii1LL'U111Jl.J'J1lJ'lht~'Yl5Jl1'\"l(,)e) L 'l.h~'UL 'U1Vll.J1EJ EGFR-TK iu6mrn1 ~~L 'U'U~~~ , 

'111'1 rueJ~1~ ~~ 1 'W~1'W1-.5't1i1~1-.5'EJ1v1~n~1t-1'1'1JeJ~f111nmEJi'W6'1JeJ~ 1 u1~'U EGFR-TK ~i1t-1'1~eJn11iunut11 ., " , 
LeJeJflriv1iirnrn~r1'UV11a11fftfW'Lifl ,,,,.; 1 ~ihht~'Yl5m'V'l1 'Un11£1ut~ 1 u1~m u1V1l.J1EJ'IJeJ~L61lm~l.J~L ~~ "l1nt-i'1 

n11~n~1'\"lu11 n11nri1EJi'W~,&'WviaeJ~ T790M G'i~t-i'11iu~nru1~ quinazoline 'IJeJ~EJ1LeJeJ'U'1'Vl'U'Uiunu 

1 u1~'UL u1V1m ti 1~'1!il'1~~1 EJm1a-r1~i'Wo~ 1e111i11L "l'W LL 'lJ'U~eJ'W I L 'U'U?l1L Vlll)VI~ n'IJeJ~n11~eJEJ1 LL'1t"l1nm1fi'lil 

meJ~?l11eJ'Wi'Wfin~l.Ji'11 -wiimat,t~u~1 'WAi1 'W~'Wvii1m1~!ilLL ua~ 1m~a-r1~~1m'W~~~'W 26 ~1 ~1m 'Ylfl'Ufl 1:i.J , , 

L'1A1"11-i'~eJni9~'\"l'lJ'J1 :i'.i?l11eJ'U.X'U6~1'U1'U 23 ~1 via1m1m-u1-.5'un'lJL'U1~'UL'U1Vll.J1EJ EGFR-TK viu~nru , , 

ATP binding site 'l~~ 1~wa11n~l.Ji18 ~1 :i'.iuw~'Yl5Jl1'V'lL'Um1£1u8~m1v\'1~1u'IJeJ~LeJ'WL61llJ EGFR (IC50 

'l I l.c::il ClJ ' q QJ .d ~I ~ I ' ' d '1 ' d ~ " 
b'U'll1~ 1 - 23 nM) LL(,tl.J?l11eJ'U'V'l'UfiL'V'lEJ~ 6 lln'YlLL?l!il~fl11l.JLu'U'\"l~(,teJL611'1'1L6ll'1'1l.J~b';i~b'UL611'1'1l.JtL1~t-11Vl'U~ , , 

d .1 ., I ~ I .. fl I .,/ I ~ .,/ .., I 1-1 fl A431 bb'1tl.Jtb';i~uel!il A549 !il1EJfl1 1(50 b'U'll1~ 10 - 36 µM "l~bu'Wn'1l.J"111'Yl'U16'l'Ub"l'Yl"l~'V'l~'U1t,teJ uLu'UE.!1 , 
,, d 1 t,11'Ul.J~L ';i~ UeJ'U1fl(,1 

(m~1er~n{j~) Epidermal growth factor receptor (EGFR) overexpressed in many types of cancer 

has been proved as a high potential target for cancer therapy. Currently, erlotinib, a potent 

EGFR inhibitor, has been used as the first-line drug for cancer patients. However, acquired drug 

resistance caused by the secondary mutation T790M of EGFR tyrosine kinase (TK) domain 

develops inevitably after a median response duration of 9 to 13 months. Therefore, the 

searching for promising compounds effectively targeting mutated EGFR-TK has become an 

imperative necessity. In this present study, we aimed to study the source of drug resistance due 

to the secondary mutation T790M and to search for the newly potent compounds against EGFR­

TK. From the results, such secondary mutation has caused the quinazoline ring, a core of 

tyrosine kinase inhibitors (TKls), lower binding with EGFR with rather weak hydrogen bond 

formation. The docking results of a novel series of sulfonylate indino quinoline derivatives (26 

compounds) suggested that the 23 compounds can interact well with EGFR-TK at the ATP­

binding site. Among them, the 8 compounds exhibited the promising inhibitory activity against 

EGFR-TK with IC50 values of 1-23 nM, while only 6 compounds showed a high cytotoxicity with 

1(50 values of 10-36 µM towards the A431 and A549 cancer cell lines. Therefore, these 

compounds could be novel small molecule inhibitors of EGFR-TK capable of exerting benefit 

for cancer treatment. 
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'U'Vl'W1 

A'W'lvm 1Mt1:w~tl1m~t1~1(,)'<()1n hA&Jtb 1-:in11 60,000 J1'Ufl'U\,)e.JU l-ltb 1-nJe:iMi1e:ib 'U'U?l1b'Vl\,1~1~'Uvl'U 61 'lleM 
" ' I 

n1'.H~t1~1(,)'<()1n 1 'JA&Jtb1-:ivh fan 1 'W'LJ'<()'<()'\J'U:W~tl1t1u'Jt&J1ru 85% ~1~1'um'Ji'W '<()Ut111 b 'U'Ul-l~b 1-:iutJM'll'WM , ,, 

non-small cell cancer (NSCLC) zj-:,Jm1fl1'J'Je.JM~1(,) 5 U:Wb~tl-:J 17,8% b'Yl111'W 

'\J'<()'<()'\J'Ub1Al-l~L1-:imm'Jri1m111~mnt1115 b'U'U fl1'J~ 1(,)M ~-:i~~mn bA:W'U1'\JM e'le.JTI&J'U 1Mtifl1'J~mn , 

b mhil:wA11&-lb Vlm~?J&J\,)e.J'lJ'WM&Jt b 1-:Jbbi;l~'Jttl~ l 'JA~ bb(,)n\,)1-:Jn 'U bb\,)fl1'J1n~1 bV1~1d e)1'<()j;1-:Jf.moih-:i bfltl-:J\,)1-:J 1 

L 'U'W fl1'J?I rub~ tiff! m~ fl1'JB m?J'U'lJtl-:Jff1 m ~~'l~f uf-:i~ m'Jn MniJ Al-ln'W m fl1'JA~ 'W'lG1V1~eJeJ1 b ~ tl'U Lrn~ r-m 
'\.I Q.J " 'I 

';\1-:J "'li;l "11 'W'U'J-:J'J~tl~b 1mn11~un11u~~1'Um :Wfl1'JAMl'1'Utl11n~1&-l-:ib 'U1zj-:JA'iJtl1'rn~1 l 'Jfll-l~b ~-:i~1&-1:we-ir;1m1 
' 

n1'J'Je.JM~i (,)vi ?1-:in11bbr;1~:w Arumw~1 (,)v1 ~t'U ~-:imn1;1'mi '<()~e.JeJnfl'\llBlMtl'J'Ufl1'Un1'Jvi°1-:i1'U'lJe.J-:J 1m1;1n1;1 \I 'I 'I .. , , 

b'\J1Vlmtl (molecular targets) ~:WA11l-l1il1 b 'W1~\,)eJfl1'Jb'<()~~ b~'U l\,1bbr;1~n1'Jbb wi fl'J~'<()1tl'lJ'iJ-:J b'1li;l~l-l~ b 1-:i1!'U 

bb\,)e.J81-:Jhnmmi1tl1-ut11'll'WMil~M\,)e.Jf1'Ub'U'U'J~tl~b1i;l1'U1'U'U'J~lJ1ru 9 ()-:) 13 b~'iJ'U ~n'<()~bf1Mfl1'JteJt11t'U 

d ., ' 1· I "' .'f ' ~ I 1 .., .,J1 ~ .'1 ., "'. I .. .. b 'U e.J-:J'<()1nfl1'Jfli;l1tl'W'U66l.le.l-:J u'J(,)'Ub u1Vll-l1tl'lJ'iJ-:J b'1li;li;ll.Jt b 'J-:J ?1-:Je-Ji;l VI tl1'\ll 'll b 'Uu '<()'<()'LJ'Ul-1 u'J~?l'\116 i11'Wi;lMi;l-:J , , 

~-:J1!'U fl1'J~n~1e-Ji;l'lJ'i)-:J n1'Jt e) tl1 bbi;l ~ fl1'Jl'1'UVl1?11'J 1 VI&-) 1~tl1'<():W'U'J~~'\llfiil1'W~ n11m b'iJ'iJTii;l 'Yl'U'U~-:J nm tl b 'U'U 

u'J~ L~w;h~,~~eJi~ti?J'W 1'<()~n~11 'WAf-:id 

~1~ tl~-:Jl.l-:Jl'1'UVl1?11'Je.l'U~'-IJITT Vil.I 61 ~:W'U'J~~'\llfiil1'W 1 'Wfl1'J crut-:inwvh-:i1'U'lJ'i)-:J b'iJ'U 161.1:w b 'U1Vll-l1tl EGFR 
'\I " " I 

mnn11ml.l-:i b u1 beJmLi;,VJ'W'U b ~m th.m 't.n'\111-:i 1 'Wfl1'J~\,im1l u1;1 tl1\911'W 1 'JA&J~ b 1-:i~:wu'J~~'\llfimwmn~'-:it'U , ,, 

lMtl:W1(,)fl'LJ'J~'1-:JAlfl'J-:Jfl1'j ~-:id 
' 

L ~n~1e-Ji;l'lJ'i),:jfl1'JnmtlW'U15bb'U'U L858R bbl;,~ T790M/L858R 1'WlMbl-l'U TK 'lJ'iJ-:Jl'U'J~'U EGFR ~:We-Ji;l\,)e)fl1'j 
' 

2, b ~ eJl'1'WVl1?11'J~:wu'Jt~'\ll5.fl1'W1 'Ufl1'JtJ'U~-:i 1 u1~m u1V1mt16l.le.J-:!b'1Ji;,~&J~b 1-:ibbi'l~ '\llM?leJ'UA11m 'll'Wvi~\1leJ 

b'1li;l~&J~ b ~-:i b w1~ Liti-:i~:wfl1'Jbb'1M-:!eJeJn~mn~Mun~ bbr;i~ neJm'Jnm tJW'W'B'lJeJ-:i 1 u'J~'W EGFR 
' 
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iJ • 

b 'Wel b~el-:i e1.ntJ-a1~/1~1-aru~~nTa'Vl~~e1-:i 

Mvhm11~ 8v11:w bbt,ru 1 um11-:i 1vi m1 m:i t b~ 8vl '!JeJ-:J1 fifl11'Vlvl&1eN e-m fl11'VlvlffiN e:iJ\'l.J118/1'111rue-i &1 

n 11 V1 v1&1e:i-:i ~ -:i be:in?11";Jbbt11J (t-1&1-:i1 u ~ vh-1'141t~u u1t11'l.l1 M1i\'1u 1 u 2 u U1J bb&1 t e:id1m tV111-:ib v118:w t-1&1 -:i1t1 
" 

1. ?ff 1-:i 1:w bvl&1'lle:l-:J 1vib:Wt! TK '!Je:l-:J 1:wbv1&11m-:i1;1f 1-:i'!Je:i-:i 1vi b:Wt! TK '!Je:l-:J hh~t! EGFR vi° ii fl11fl&l18 

1 'lh~t! EGFR ~iifl11fl&118~t15.fft1 ~u5J-:ine:it1bb&1t'v'l~-:Jfl11~e:l81 • • ., 
bb ';Jflbb1J1J L858R bb&1t'Ut!?fe)-:Jbb 1J1J 1m-:i?tf 1-:J~?f1t'!Je)-:J'17';j tl1*b U1 be:le:ln&1'Vl'W1J1 ti gas phase bb&1t 

T790M/L858R bb &1 t '1 f 1-:J 'U 1 t '1 'V'l111fav1e:i1i1Vl~1Jfl1';J'<i11'1e:i-:J'V'lff)v!b:U-:i1:Wb'1fl'1 . ' 
RESP 'lJ e)-:J en :w' -:J b U 1 b e:l e:i•fiffvi 'W1J 

' 
t,, a:,,.e::::,I Q.I 

m mnV11-:ime:iuv1:w 

2. tJf rn tJi 8t!G'l.fl1'"J t v1' 1-:J 'l 'lJ e)-:J 1 flJ-:J?f f 1-:ivf bfl 1J1~ '11 fl fl11 rl1t!'"JUJ 1vi 815 fl11'<il1&1e:l-:J'V'lWJ&'\ b :U-:i 

1t1J1J'<il1'1e:l-:J Lb'1t'Vhn11'1°1&1e:i-:J 1:wb&1fl'1 
' 

200 ns 

3. 1 brl11t~fl11~Vi~1Jnmt'v'l11-:J -v'm,JffVf t!_;j1t!b :U-:i 1:w b&l ~&1~~1Aqj fl'"J1:W b 'U11 '1fi-:J'V'l~MflJ';J:W'lJe)-:Jfl1';j 

tl1l-!-:Jb1J1be)e)TI&1'Vl'W1Jn1J 1vib:Wt! TK -:5'mt'v'l11-:Jtl1:W
0

-:Jb U1 be:le:l1'1&1'Vl'W1Jvi° ii(,) e) 1vi b:W'U TK 'lJe)-:J hh~t! ' . 
'!Je:i-:J1tl";J~'U EGFR b'llt! EGFR 'Vliifl11fl'118~'U5 

electrostatic interactions, 

vdW interactions, protein 

motion bb&1t binding free 

~I ., 
energy b u'Uvlt! 

Pharmacophore 'lleN?f1';i 

<,ltlbb 1JUb ~eJ 1 'Ub'LJ'Ll<,ltlbb 1J1J~1Vl1'1J 

Be:lflbb1J1J«n~rudr11-:i?f11-:i?111 

1Vll-l~i;11:w1'H1b'U1~1Jnu1tJ1~t1 

EGFR 11?1~.fft11vi816Ul'UbbflJ:W 

LigandScout 

• 

' .., 
'Vl';J11J«rn~rut Pharmacophore 'lle:l-:J'111(>lt!bb1J1J'Vlbnvi~t1 Lb&1t 

?f1:l.J11fl 1-if b tl'Ut,1t!bb 1J1J~1Vl~1Jfl11e)e)flbb 1J1J'1111 'Vll-l 'l 11?1 



1 m -:i ~ ·h:i ~ Tah t mn..J nu 1 'lh &h.i 

bu 1 VI :lJ 1 tl EGFR i 1 tl L 'Yl fl 'W fl 

Molecular docking 
., 

6. I'\' n~1 EJ u EJ -:in Trn°1-:i 1 'l.l'U e:i-:i 'Yl11uci-:ifl11:1.J~1:1.JTH1'1Je:i-:i~111;nimi:1.J biir1-u'r11 'V'l'Llbbftt?ITrnci:l.l 
' ' 

1 ·th&1m i11V1m tJt111tJ1fi'Yl1-:J'l11 bfl:W l 'Yle:it 161Jm u~'!l1ftflr11 um1t1ut-:im1V11-:i1u'1Je:i-:i 1 ·th&1m i11V1mt1 

enzymatic activity 

b61Jft~ :l.Jt b 1-:J 1v1ti n1'a'Ylvl~e)'U MTT ·111ftflr1~mm1t:l'Y11ft1tlb61Jft~:l.Jtb ~,:) 1vi'LbrtthJdJuw~\9le)b61Jft~'Un~ 

ASSAY 1 u b61Jft~ :l.lt b 1-:J'll'U v1ri' 1-:J 1 

LvimJn'Ub61Jrt~tln~ 

3 
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Abotnc:t: Epidennal growth factor receptor (EGFR1 overexpressed in many types of canoe~ has been 

proved as a high potential target for t.ugeled cancer therapy dir to Ii. role bt regulating proliferation 

and survival of cancer cells. In the present study, a series of designed vinyl sullone derivatives was 

screened against EGFR tyrosine kirose (EGFR-TK) using in siliro and in vitro studios. The molecular 
docking resulls suggested that, among 78 viny l sulfones, there were eight compounds that could 

inleract well wllh the EGFR-TK at the ATP-binding slle. Afterwords, these screened compowuls were 

tested for the inhibltoty activity lm~ards EGFR-TK using ADP-Clo"' kinase assay, and we found Utot 
only VF16 compound exhibited promising inhibilory activity against EGFR-TK with the ICso value 

of 7.85 ± 0.88 nM. In addition, VP16 shmved • high cytotoxkity with JC50 values of 33.52 ± 2.57, 
54.63 ± 0.09, and 30.38 ± 1.37 µM against the A431, A549, and Hl975 canrer cell lines, respe.."tively. 

From 500-ns MD 5imulotion, the structural shlbllity of VF16 in complex with EGFR-TK was quite 
stable, suggesting Ulilt lhls compound could be a no,-.1 small molecule Inhibitor rnrgeting EGFR-TK. 

Keywords: EGFR tyrosine kinase; ,•inyl sullone dertvatives; In silko study; kinose ass.:,y; 

cytotoxicity as.say 

1. Introduction 

Cancer is a devastating disease characterized by uncontrolled growth and spread of 
abnormal cells and is the second leading cause of mortality worldwide (1 ). Nowadays, 
there are many types of cancer treatment such as .chemotherapy, radiation therapy and 
targeted therapy (2-4). Thrgell!d cancer therapy has become one of the highly effective 
for cana-r treatment due to its specificity towanis cancer rells (5). The oven,xpression of 
epidermal growth factor receptor (EGFR) in cancer cells leads lo abnormal signal transduc­
tion and is clooely related to the occurrence of cancer. lnerefore, it has become one of the 
most important protein targets for designing and developing kinase inhibitors that acl on 
oncogenic EGFR (6). 

Moltrulcs 21121. 26, 2211. https://doi.or&J'I0.3390/ moleculco26082211 https: / / www. mdploom/joumal / mok!cul~ 
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The Janl.15 ki~ WAtO aid cJ:iderma. growth factor r«eptor (EGFR) have bttn considered as potential 

targets for career therapy due to trei" role il regula:ing prolferation aid survival ot cancer cells. In the 

present study. the aromatic alkyl-amno analogs of thlazole-ba.sed chak::ore were setected to 

e,perimentaly an:J theoretically irnestigate their inhbitOf)' activly against JAK2 and EGFR prole ins as wen 

as tt-eir anti-cancer effects on human cancer cell lines e.q:>ressilg JAK2 (TFl ard HELi ard EGFR (A549 and 

A43U. In vitro qtotoxidty screering results demonstrated that the HEL erythroleukemla ceU ine was 

suscefXible to compounds 11 m 12. ...vhefea. the M31 tu,g cancer cell lile was wtreratte to corrcxMmd 

25. HO'Never. TFL and A549 cetls were not sensitive to Oll' thiazol:e dertvit.Ms. From kinase irtlibltion assay 
reslits. compound 2S was fot.nd to be a di.Jill Inhibitor against JAK2 and EGFR whereas cofll)OUnds U 

and 12 ,etec11--,1y lnhlbled the JAK2 irolein. Acconling to the rrotecwr dod<ing anat)SI~ compol6lds 11, 

12 and 2S formed hydrogen bonds v.«h lhe hlrge region reroues lys857, Leu932 and Gu930 and 

h)droi;hoblcaly came Into contact with leu983 at the catal.ytie site of JAK2, wnle compou,d 25 formed a 

h)<lrogen bond w~h Met769 at the hirge region Ly,721 near a glycine loop. and Asp831 at the activation 

loop of EGFR. Altogether. these potent thmole deri""tNes, followirg Lipinski', rule of fi ve, could ll<ely be 

developed as a promsing JAK2/EGFR targeted drug(s) for cancer therapy. 

Introduction 

cancer, a group or dlse-.1ses charnctrrized by uncontrolled 
grnwth and spread of abnonnal cells,' is the second leading 
cause of mortality worldwide.2 Among "'"era! types or cancer, 
m)eloproliferallve neoplasms and hmg cancer are the leading 
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cause of canl:<!r-rclatcd death globally.' The known molecular 
la'l\"lS for treating the,., ennccf1i are the Janus kinases (JAKs) 
and the epidermal growth factor receptor (EGFR), since they 
play a major role in regulating proliferation and survival or 
cancer cclls."·i 

JAK, an Intracellular tyrosine kinase, is activated by the 
C)tokinc(s) binding to Its rec..,ptor, resulting in the activation 
or the downstream signal tmnsduccr and actlvntor or 
tmnseription {Sl'AT), which leads to its dimcrization and 
tmnslocot lon Lo the nucleus, promoting cell proliferation, 
apoptosis and differentiation.• Among the four JAK family 
members (JAKl, JAK2, JAKJ and TYK2),' )AK2 Is a critical 
moderator for hormone-like c}tokines such as growth 
hormone (OH), e l)'lltropoictin (I!PO), thrombopolelln (TPO) 
and cyt.okine receptor ligands im·olvro in hematopoietlc cell 
development such as interlcukin·J (IL-3)," JAl<2 consists or 
,.,ven homology regions (1H I to JH7) and the cutalytlcully 
octive domain in JHl is loc-..ited at the carboxy,tcnninus, close 
to the pseudo-kinase domain in JH2. The overexpresslon of 
JAK2, especially the V617F variance In the JH2 domain, has 
been s hown to be related to myetoprollferatlvc dl,ordcrs (by 
approximately 50% or more) such as pol)(:ythemla vera, 
essential thrumbocythemla und myelofibrusis,•·•• Indicating 
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EGFR inhibitor, has been used as the first-line drug for cancer patients. However, acquired drug 
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develops inevitably after a median response duration of 9 to 13 months. Therefore, the 

searching for promising compounds effectively targeting mutated EGFR-TK has become an 
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EGFR-TK with IC50 values of 1-23 nM, while only 6 compounds showed a high cytotoxicity with 



IC50 values of 10-36 µM towards the A431 and A549 cancer cell lines. Therefore, these 

compounds could be novel small molecule inhibitors of EGFR-TK capable of exerting benefit 

for cancer treatment. 
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Abstract: Epidermal growth factor receptor (EGFR), overexpressed in many types of cance1~ has been 

proved as a high potential target for targeted cancer therapy due to its role in regulating proliferation 

and survival of cancer cells. In the present study, a series of designed vinyl sulfone derivatives was 

screened against EGFR tyrosine kinase (EGFR-TK) using in silico and in vitro studies. The molecular 

docking results suggested that, among 78 vinyl sulfones, there were eight compounds that could 

interact well with the EGFR-TK at the ATP-binding site. Afterwards, these screened compounds were 
tested for the inhibitory activity towards EGFR-TK using ADP-GloTM kinase assay, and we found that 

only VF16 compound exhibited promising inhibitory activity against EGFR-TK with the IC50 value 

of 7.85 ± 0.88 nM. In addition, VF16 showed a high cytotoxicity with IC50 values of 33.52 ± 2.57, 

54.63 ± 0.09, and 30.38 ± 1.37 ~tM against the A431, A549, and H1975 cancer cell lines, respectively. 

From 500-ns MD simulation, the structural stability of VF16 in complex with EGFR-TK was quite 
stable, suggesting that this compound could be a novel small molecule inhibitor targeting EGFR-TK. 

Keywords: EGFR tyrosine kinase; vinyl sulfone derivatives; in silica study; kinase assay; 

cytotoxicity assay 

1. Introduction 

Cancer is a devastating disease characterized by uncontrolled growth and spread of 
abnormal cells and is the second leading cause of mortality worldwide [l ]. Nowadays, 
there are many types of cancer treatment such as chemotherapy, radiation therapy and 
targeted therapy [2-4]. Targeted cancer therapy has become one of the highly effective 
for cancer treatment due to its specificity towards cancer cells [S]. The overexpression of 
epidermal growth factor receptor (EGFR) in cancer cells leads to abnormal signal transduc­
tion and is closely related to the occurrence of cancer. Therefore, it has become one of the 
most important protein targets for designing and developing kinase inhibitors that act on 
oncogenic EGFR [6]. 
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EGFR, a member of the ErbB family of receptor tyrosine kinases, plays important 
role in cellular signaling pathways, e.g., mitogen-activated protein kinase (MAPK), phos­
phoinositide 3-ki.nase (Pl3K)/ Akt, and signal transducer and activator of transcription 
(STAT) pathways that regulate key fw1ctions such as proliferation, survival, differentia­
tion, and apoptosis [7]. EGFR is composed of an extracellular receptor domain, a single 
hydrophobic transmembrane region and an intracellular domain, which includes a juxta 
membrane domain [8], a tyrosine kinase (TK) domain and a C-terminal tyrosine-rich re­
gion [9]. The activation of EGFR-mediated signaling pathways begins with EGF binding to 
the extracellular domain, which activates the TK domain to phosphorylate at its C-tenninal 
tail, and ultimately, initiates downstream signaling pathways [10,11]. Accordingly, target­
ing EGFR protein has been suggested as a promising strategy for targeted cancer therapy, 
since the EGFR is conunonly overexpressed in many human cancers, including non-small 
cell lung, head, breast, bladder and ovarian carcinoma [12,13]. Consequently, inhibition of 
EGFR leads to the inhibition of cancer cells. 

The clinically available drugs used as a tyrosine kinase inhibitor of EGFR (EGFR-TKI) 
such as erlotinib [14] and gefitinib [15]. The erloti.nib is widely used in cancer patients 
for its inhibitory activity against EGFR exon 19 deletions or the L858R mutation [16,17]. 
However, these drugs have several side effects such as anemia, balance impairment, 
dizziness and headache. In addition, acquired drug resistance caused by the secondary 
mutation T790M of EGFR-TK domain develops inevitably after a median response dura­
tion of 9 to 13 months [18]. Therefore, the searching for promising compounds effectively 
targeting mutated EGFR-TK has become an imperative necessity [19,20]. 

Vinyl sulfone (VF) is an organic compound, where its core structure is silnilar to that of 
chalcones [21- 24] (Figure 1). Previous study has shown that chalcone derivatives can inhibit 
EGFR activity with the IC5o value ranged from 10.3-15.4 µM [25]. Thus, we hypothesized 
that VF derivatives can inhibit EGFR-TK activity in a maimer similar to chalcones. In this 
study, we aimed to find new potential ru1ti-cancer agents against EGFR-TK. A series of 
designed VF derivatives was initially screened by molecular docki11g technique. Subse­
quently, the kinase inhibition assay of the screened compounds against EGFR-TK was 
studied. Then, the in vitro cytotoxicity assay towards EGFR expressing lung carcinoma cell 
lines (A549 and A431) and T790M expressing lung cancer cell line (H1975) was conducted 
using MTT assay. Finally, the molecular dynamics simulation and free energy calculation 
were performed to ilwestigate the structural and dynamics properties as well as the bindi11g 
efficiency of the most potent VF i11 complex with EGFR-TK. 
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Figure 1- The chemical structures of VFs obtained from the previous study [21- 24). 

2. Results and Discussion 
2.1. Molecular Docking 

Initially, the 78 VFs (Figure 1) were investigated their binding mechanism using the 
CDOCKER module of Accelry Discovery Studio 3.0, Each compound was separately 
docked into the ATP-binding pocket of EGFR-TK complex. The interaction energy of 
erlotinib is - 45.49 kcal/mol, while the interaction energy of all studied compounds is 
ranged from -43.47 to -21.61 kcal/mol. These results suggested that none of the vinyl 
sulfone derivatives is stronger than erlotinib. So, we cut off the compounds using the 
interaction energy lower than - 37.5 kcal/mol, and we found eight VFs (VF15, VF16, 
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VF29, VF37, VF41, VF52, VF69 and VF71) that showed lower interaction energies than the 
others (Figure 2). These compounds can interact with important surrounding residues 
in ATP-binding pocket of EGFR-TK via H-bonding, pi interactions and van der Waals 
(vdW) forces (Figure 3). Interestingly, the sulfonate group of most compounds exhibited H­
bond formation at the hinge region residue M769 (Figure 3A-I) [26,27] similar to erlotinib. 
The VF29, VF37, and VF41, which have nitro group as substituents, formed H-bond with 
T830 residue at A loop. Moreover, the matched vdW contacts between all VFs and erlotinib 
were as follows: (i) hinge region: T766, L768, P770, and G772 and (ii) A loop: K721, E731, 
T830, and D831. These results suggested that these eight VFs might be the potent candidate 
compounds acting against EGFR-TK. 
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Figure 2. CDOCKER interaction energies of VFs and known drug erlotinib against EGFR-TK at ATP-binding site. 
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Figure 3. 2D interactions of EGFR-TK in complex with erlotinib (A) and VFs (B-1) . 
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2.2. Drug-Likeness Prediction 

Physical properties of the eight potent VFs were investigated in term of the drug­
likeness by considering their physicochemical properties, including molecular weight 
(MW), the numbers of hydrogen bond donors (HBD) and acceptors (HBA), rotatable 
bond (RB), polar surface area (PSA) and lipophilicity (LogP) using the SwissADME web 
server [26). The obtained results (Table 1) revealed that all VFs showed the acceptable 
value following the criteria: (i) Mw ::; 500 Da, (ii) HBD ::; 5 and HBA ::; 10, (iii) RB::; 10, 
(iv) PSA ::; 140 A, and (v) LogP ::; 5 [27). Therefore, these VFs could likely be developed as 
promising novel EGFR-TK inhibitors. 

Table 1. Predicted Lipinski's rule of five for the vinyl sulfones and the known drug. HBD, hydrogen bond donor; HBA, 
hydrogen bond accepter; PSA, polar surface area. 

Compound MW 
( ::C:500 Da) 

Erlotinib 393.44 
VF15 334.39 
VF16 334.39 
VF29 291.32 
VF37 325.77 
VF41 321.35 
VF52 254.30 
VF69 316.41 
VF71 380.54 

Lipinski's Rule of Five 

HBD HBA RB PSA LogP Drug-Likeness 

( ::C: S) (90) (90) (940A) ( ::C:S) 

1 6 10 74.73 3.20 Yes 
0 5 6 70.21 2.76 Yes 
0 5 6 70.21 3.00 Yes 
2 4 4 86.22 2.32 Yes 
2 4 4 86.22 2.32 Yes 
2 5 5 95.45 2.66 Yes 
0 4 4 68.82 2.38 Yes 
0 3 7 51.75 3.26 Yes 
0 4 10 60.98 4.34 Yes 

2.3. Inhibition of the EGFR-TK by Vinyl Sulfone Derivatives 

Since the data shown above suggested that the eight VFs may be effective against 
EGFR-TK, we then investigated the EGFR-TKI inhibitory activity of the eight potent VFs 
and erlotinib at 1 µMusing ADP-Glo kinase assay (Figure 4A). Interestingly, we found 
that VF16 showed the highest EGFR-TK inhibitory activity (98.91 %), which was higher 
than erlotinib (87.80%). Then, VF16 was selected to evaluate the half-maximal inhibitory 
concentration (ICso) values. As shown in Figure 4B, the ICso against EGFR-TK of VF16 is 
7.85 ± 0.88 nM, which is significantly lower than the erlotinib (ICso of 26.09 ± 5.42 nM). 
Additionally, the inhibitory activity of VF16 is greater than that of the chalcones that have 
been previously reported to inhibit EGFR activity (ICso ranked from 10.3 to 15.4 µM) [25). 

In order to confirm the inhibition selectivity of VF16 towards EGFR-TK, we further 
performed kinase inhibition assay of VF16 against JAK3 and HER2 protein kinases be­
cause both kinases are one of the most studied kinase families [28,29). The obtained 
results showed that VF16 showed very low inhibitory activity against JAK3 (IC5o of 
158.45 ± 4.75 nM) and HER2 (IC5o of 312.00 ± 0.28 nM) (Figure S3) as compared to EGFR­
TK (IC5o of 7.85 ± 0.88 nM), suggesting that VF16 was specific to EGFR-TK rather than 
JAK3 and HER2. 
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Figure 4. (A) Kinase inhibitory activity screening of VFs towards EGFR-TK at 1 µM. **** p ::; 0.0001 
vs. erlotinib. (B) Kinase inhibitory activity of VFs towards EGFR-TK. Data are represented as means 

± SEM from triplicate independent experiments. 

2.4. Cytotoxicity 

The VF16 was selected to evaluate IC5o values against A549 and A431 cell lines 
overexpressing wild-type EGFR (A549 and A431) and mutant EGFR human lung cancer 
cell line (H1975) using MTT assay. The obtained results (Figure 5) revealed that the cytotoxic 
activity of VF16 against A549 (ICso of 54.63 ± 0.09 µM) and A431 (IC50 of 33.52 ± 2.57) 
was similar to that of erlotinib (ICso of 48.21 ± 7.43 µMand 27.19 ± 6.93 µM for A549 
and A431, respectively). Note that VF16 inhibited the A431 cells better than A549 cells 
because (i) the EGFR expression level found in A431 cells is dramatically higher than 
that found in A549 [30] and (ii) A549 cells exhibits KRAS mutation, which constitutively 
activates downstream MAPK signaling pathways, causing a compensatory mechanism [31]. 
In H1975 cells, the VF16 (ICso of 30.38 ± 1.37 µM) was more susceptible than the erlotinib 
(IC50 of 98.93 ± 1.74 µM) by -3 times. The lower susceptibility of erlotinib towards T790M 
EGFR-expressing cells (H1975) compared to wild-type EGFR-expressing cells (A549 and 
A431) is in good agreement with the previous studies [32- 34]. Altogether, these findings 
suggested that VF16 exhibited potent anti-lung cancer activity in all three lung cancer cell 
lines, which could be developed as a novel anti-lung cancer agent. 
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Figure 5. Cytotoxicity in three cancer cell lines (A549, A431, and H1975) after treated with various 

concentrations of VF16 compared to the known drug erlotinib for 72 h. Data are represented as 
means ± SEM from triplicate independent experiments. 

2.5. Molecular Dynamics Simulation 

The structural stability of VF16 bound to the EGFR-TK domain was characterized 
using RMSD calculation plotted along the simulation time, and the obtained results are 
illustrated in Figure 6A. The RMSD values of VF16 were slightly fluctuated at the first 
150 ns and then reached the equilibrium state after 250 ns with an average RMSD value 
of ~0.5-2 A. In the case of whole protein and backbone of protein, the RMSD values were 
slightly fluctuated at the first 100 ns then showed the stable values along the last stage of 
MD simulation with an average RMSD value of ~2-3.5 A. 

In addition, the MD trajectories of this system were selected for further analysis in 
terms of: (i) the number of H-bond and (ii) number of contact atom within the 3.5 A sphere 
of VF16, respectively. The number of intermolecular hydrogen bonds and intermolecular 
contacts between VF16 and its surrounding residues was computed along 500 ns MD 
simulation represented in Figure 6A. According to the results, we found that VF16 formed 
two H-bonds with the M769 and C797, in which the C797 could form stronger H-bond 
than the M769. In addition, we found ~ 10 intermolecular contacts steadily formed between 
VF16 and EGFR-TK. These findings suggested that our simulation model was stable. In this 
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work, the MD trajectories from 300 to 500 ns were thus extracted for further analysis in 
terms of ~~ind values (kcal/ mol) and key binding residues of VF16 against EGFR-TK. 
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Figure 6. (A) All-atom RMSD, number of H-bonds, and number of contacts atom of VF16 in complex with EGFR-TK 
plotted along the 500 ns MD sinrnlation. (B) Binding orientation of VF16 inside the ATP-binding pocket of EGFR-TK. 

The contributing residues involved in ligand binding are colored according to their t,.Gresidue values, where the highest to 
lowest free energies are shaded from blue to red, respectively (H-bond interaction represented by black dash line) and 

per-residue decomposition free energy of the VF16 complex with EGFR-TK. 

2.6. Binding AffinihJ and Key Residues for VF16/EGFR-TK Complex 

The free energy calculation based on MM-GBSA method was applied to predict the 
binding affinity of VF16/EGFR-TK complex. We found that the .6.Gbind of VF16 is almost 
identical to the .6.GExp (Table 2). To investigate the key residues of EGFR-TK for VF16 
binding, the per-residue decomposition free energy (~Gresidue) based on the MM-GBSA 
method was applied on the 100 snapshots over the last 200 ns MD simulation. Note that 
among residues 695-1018, only residues 695-900 are shown in Figure 6B, where the binding 
orientation of VF16 inside the ATP-binding pocket of EGFR-TK is shown in Figure 6B. 
The obtained results revealed that there were eight residues (L718, V726, G796, C797, D800, 
R841, L844, and D855) that were important for the binding of VF16. The binding residues 
of VF16 observed in this work were also found as a major interaction in erlotinib /EGFR-TK 
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complex (including L718, A743, L792, M793, G796, and L844) [35,36]. Figure 6B showed 
binding orientation inside the ATP-binding pocket of VF16/EGFR-TK complex, and we 
found that the -OCH3 moiety of VF16 strongly formed H-bond with C797 and weakly 
formed H-bond with M769. This is in good agreement with the previous reports showing 
that H-bond formation with M769 is the main interaction of erlotinib and gefitinib in 
complex with wild-type EGFR and mutant EGFR [37-40]. 

Table 2. The MM-GBSA ll.Gbi.nd and its energy components (kcal/mo!). 

Energy Component 

ll.EvdW 
ll.Eete 
ll.Ggas 
ll.Gsoh; 
ll.Gbi.nd 
ll.GExp a 

ll.Gbind (kcal/mol) 

-38.99 ± 0.29 
-12.95 ± 0.55 
- 51 .94 ± 0.68 
24.69 ± 0.53 
- 8.74 ± 0.32 
- 10.13 ± 0.88 

• Experimental binding free energies (ll.GE,p) was converted from the IC5o value using the Cheng-Prusoff equation 
of ll.GExp = RTin(ICso) [41 ]. 

3. Materials and Methods 
3.1. Interaction Energies between Vinyl S11/fone Derivatives and the ATP-Binding Site of 
EGFR-TK by Molecular Docking Technique 

The crystal structure of EGFR complexed with erlotinib (PDB ID: 1M17) [39] was 
downloaded from Protein Data Bank (PDB). The 3D structure of the drug (erlotinib) was 
obtained from the ZINC database, whilst the 3D structures of vinyl sulfone derivatives 
were generated using the Gaussian 09 program. Note that the vinyl sulfone derivatives 
were constructed according to their availability from previous study [21- 24]. All the 
ligands were optimized using the Gaussian 09 program (HF/6-31d) as per the standard 
protocol [42-44]. The protonation state of all studied ligands was characterized using the 
ChemAxon [ 45]. 

For system validation, the crystalized ligands were defined as a center in the active 
site for redocking using CDOCKER programs and the results are shown in Supplementary 
Figure Sl. The docking protocols of EGFR system was set as 15 A for sphere docking and 
docked into the binding pocket with 100 independent runs. The binding between protein 
and compow1ds/ drug was visualized using the Accelrys Discovery Studio 3.0 (Accelrys 
Inc., Cambridge, UK) and UCSF Chimera package [46]. 

3.2. Predicted Physicochemical Properties 

Physicochemical features such as hydrogen bond donors, hydrogen bond acceptors 
and drug-likeness play an important role in drug discovery and development [47]. Herein, 
such properties of the potent compow1ds were calculated in comparison with known drugs 
(erlotinib) using web-based applications SwissADME (www.swissadme.ch/ ) (accessed on 
19 June 2020) [26]. 

3.3. Chemical Reagents and Cell Lines 

The ADP-Glo™ Kinase Assay kit was purchased from Promega (Madison, WI, 
USA). EGFR and HER2 was obtained from the previous report [48]. JAK3 (SRP0173) 
were purchased from Sigma-Aldrich (Darmstadt, Germany). The series of vinyl sulfone 
derivatives were kindly provided by Dr. Chutima Kuhakarn from Department of Chem­
istry and Center of Excellence for Innovation in Chemistry (PERCH-CIC), Faculty of 
Science, Mahidol University [21- 24]. Note that, due to limited amounts of vinyl sul­
fones obtained from previous study, we performed EGFR kinase and cytotoxicity as­
says as well as binding pattern study at the molecular level on only 78 vinyl sulfone 
derivatives (Figure 1). The lw1g carcinoma A549 (ATCC CCL-185) and A431 (ATCC CRL-
1555) cell lines were purchased from the American Type Cell Culture Collection (ATCC, 
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Manassas, VA, USA). The EGFR mutated human lung cancer cell line (H1975) was pro­
vided by Dr. Chanida Vinayanuwattikun from Department of Medicine, Chulalongkorn 
University. Dulbecco's modified Eagle's medium (DMEM), RPMI-1640 medium, fetal 
bovine serum (FBS), penicillin-streptomycin (Pen-Strep) and trypsin were purchased from 
Life Teclmologies (California, USA). 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 
bromide (MTT) and dimethyl sulfoxide (DMSO) were purchased from Sigma-Aldrich 
(Darmstadt, Germany). 

3.4. Inhibition of the EGFR-TK by Vinyl Suffone Derivatives 

The selected sulfone derivatives that had the interaction energy lower or equal than 
erlotinib and physicochemical properties showed the acceptable value, were screened 
for their ability to inhibit the tyrosine kinase activity of the EGFR using the ADP-Glo TM 

kinase assay as previously reported [25,49]. The first 8 µL of buffer (40 mM Tris-HCl 
pH 7.5, 20 mM MgC12, and 0.1 mg/mL bovine serum albumin) was added to a 384-well 
plate. Then, 5 µL of EGFR enzymes (1.25 ng/ µL) and 2 µL of inhibitors were added, 
followed by 10 µL of a mixture of 5 µM ATP and 2.5 µM poly(glu-tyr), and incubated for 
1 h at room temperature. Next, 5 µL of the ADP-Glo reagent was added and incubated 
for 40 min, after that, 10 µL of kinase detection reagent was added and incubated at 
room temperature for 30 min to convert the ADP to ATP. The ATP was then detected by 
measuring the luminescence using a microplate reader (Infinite M200 microplate readet~ 
Tecan, Mannedorf, Switzerland). All assays were performed in triplicate. The relative 
inhibition(%) of inhibitors were then calculated compared to the control with no inhibitor 
as shown in Equation (1): 

%Relative inhibition = [(positive - negative) - (sample - negative)] x 100 (l) 
(positive - negative) 

From this equation, the positive is the addition of the enzyme in the reaction, while 
the negative is without the enzyme in the reaction. 

3.5. Cell Cultures 

The A549 and A431 cells were grown in complete DMEM medium supplemented 
with 10% (v/v) FBS, 100 U/mL penicillin and 100 µg/mL streptomycin. All cells were 
maintained at 37 °Cina 5% (v/v) CO2, 95% (v/v) air humidified incubator while H1975 
cells was grown in complete RPMl-1640 medium at 37 °Cina 5% (v/v) CO2, 95% (v/v) air 
humidified incubator. 

3.6. Cytotoxicity in Cancer Cell Lines 

The in vitro cytotoxicity activity of vinyl sulfone derivatives against the A549, A431 
and H1975 cell lines were evaluated using the MTT assay. The first 100 µL of A549 
(5000 cells/well), A431 (5000 cells/well) and H1975 (5000 cells/well) cells suspension was 
seeded per well in a 96-well microplate and incubated at 37 °C overnight, cells were h·eated 
with compounds and known drug (erlotinib) different concentration. Then, incubated for 
72 h. Subsequently, the MTT solution (5 mg/mL) was added in A549, A431 and H1975 
cells and incubated at 37 °C for 3 h. The medium was removed and 50 µL of DMSO was 
added to each well to lyse the cells. Finally, the absorbance was measured at 570 mn using 
a microplate reader (Infinite M200 microplate reader, Tecan, Mannedorf, Switzerland). 

3.7. Molecular Dynamics Simulation 

The starting crystal structure of EGFR-TK (PDB ID: 1M17) [39] was obtained from 
Protein Data Bank (PDB). The 3D structure of vinyl sulfone derivatives and known drug 
inhibitor (EGFR-TK) of EGFR-TK were generated and optimized HF/6-31G(d) method 
implemented in the Gaussian09 software [42-44]. The protein-ligand complexes were 
generated using the CDOCKER module accordance the standard protocol [SO]. The docked 
VFs/EGFR-TK complex with lowest interaction energy and binding pattern similar to 
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the erlotinib (Figure S2) was selected as the initial structure for performing the Molecular 
Dynamics Sinrnlation studies. The electrostatic potential (ESP) charges were consequently 
calculated with the same level of theory and were then fitted into restrained ESP (RESP) 
charges using the ANTECHAMBER module of AMBER16 [44,51,52]. The FF14SB [53] and 
GAFF [42,54] force fields were applied for protein and VF16, respectively. All missing 
hydrogen atoms of protein and ligand were added using LEaP module and were then 
minimized in order to remove the bad contacts. Each system was neutralized by the counter 
ions and immersed in a TIP3P water [55] box that extended at least 13 A from the protein 
surface. Afterward, the complexes were energy-minimized by 1500 interactions of steepest 
descent (SD) and conjugated gradient (CG) methods using AMBER16 with the AMBER 
ff14SB force field . 

The simulations are carried out under periodic boundary condition with NPT en­
semble using a time step of 2 fs. The short-range cutoff for nonbonded interactions is 
set as 10 A, whilst the Particle Mesh Ewald (PME) summation approach is applied to 
treat long-range electrostatic interaction [56,57]. Temperature and pressure are controlled 
by Berendsen weak coupling algorithm. The SHAKE algorithm is used to constrain all 
covalent bonds involving hydrogen atoms [58]. The simulated models are then heated 
up to 310 K for 100 ps and are continuously held at this temperature for another 100 ns 
or until the simulations have reached equilibrium. Finally, the structural and dynamics 
behaviors of each complex will be analyzed, including root mean square deviation (RMSD), 
number of H-bonds between the ligand and EGFR-TK and number of contact atom via the 
cpptraj module [59]. Besides, the MM-GBSA and ~Gbind, residue were calculated by the 
MM-PBSA.py module [58,59]. 

3.8. Statistical Analysis 

The data are represented as mean ± standard error of mean (SEM). Differences 
between groups were compared using one-way ANOVA, followed by Tukey's test for 
multiple comparisons. The differences in means were determined at the confidence level 
p ::; 0.05. 

4. Conclusions 

This work combined the computational and experiment tecluuques to identify new 
EGFR inhibitor based on vinyl sulfone derivatives. Eight vinyl sulfones from molecular 
docking technique were tested the inhibitory activity against EGFR-TK and cell-based 
assay in tlu·ee cancer cell lines (A549, A431, and H1975 cell lines). The results showed that 
VF16 can inhibit EGFR-TK activity better than the approved drug erlotinib and showed 
higher cytotoxicity against A431 cell line than A549 cell line. Additionally, showed lugh 
cytotoxicity against H1975 cell lines. From MD simulations, our simulation model of 
VF16/EGFR are stable. In addition, VF16 showed strongest H-bond with C797, and the 
key residues responsible for VF16 binding were L718, V726, G796, C797, D800, R841, L844, 
and D855, in which these binding residues were also found in a major interaction between 
erlotinib and EGFR-TK. Thus, VF16 could be developed as a promising new anti-cancer 
drug targeting EGFR-TK. 

Supplementary Materials: Figure Sl: Superimposition of ligands between X-ray structure and 
CDOCKER docking, Figure S2: Binding pose between VF16 and known drug within EGFR-TK, 
Figure S3: The ICS0 curves of kinase inhibitory activity of VF16 against EGFR-TK, JAK3, and HER2. 
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The Janus kinase (JAK) and epidermal growth factor receptor (EGFR) have been considered as potential 

targets for cancer therapy due to their role in regulating proliferation and surviva l of cancer cells. In the 

present study, the aromatic alkyl-amino analogs o f thiazole-based chalcone were selected to 

experimentally and theoretically investigate their inhibitory activity against JAK2 and EGFR proteins as well 

as their anti-cancer effects on human cancer cell lines expressing JAK2 (TFl and HEL) and EGFR (A549 and 

A431). In vitro cytotoxicity screening results demonstrated that the HEL erythroleukemia cell line was 

susceptible to compounds 11 and 12, whereas the A431 lung cancer cell line was vulnerable to compound 

25. However, TFl and A549 cells were not sensitive to our thiazole derivatives. From kinase inhibition assay 

results, compound 25 was found to be a dual inhibitor against JAK2 and EGFR, whereas compounds 11 

and 12 selectively inhibited the JAK2 protein. According to the molecular docking analysis, compounds 11, 

12 and 25 formed hydrogen bonds w ith the hinge region residues Lys857, Leu932 and Glu930 and 

hydrophobically came into contact with Leu983 at the catalytic site of JAK2, while compound 25 formed a 

hydrogen bond with Met769 at the hinge reg ion, Lys721 near a glycine loop, and Asp831 at the activation 

loop of EGFR. Altogether, these potent thiazole derivatives, following Lipinski's rule o f five, cou ld likely be 

developed as a promising JAK2/EGFR targeted drug(s) for cancer therapy. 

Introduction 

Cancer, a group of diseases characterized by uncontrolled 
growth and spread of abnormal cells, 1 is the second leading 
cause of mortality worldwide. 2 Among several types of cancer, 
myeloproliferative neoplasms and lung cancer are the leading 
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cause of cancer-related death globally.J The known molecular 
targets for treating these cancers are the Janus kinases OAI<s) 
and the epidermal growth factor receptor (EGFR), since they 
play a major role in regulating proliferation and survival of 
cancer cells.4

'
5 

JAK, an intracellular tyrosine kinase, is activated by the 
cytokine(s) binding to its receptor, resulting in the activation 
of the downstream signal transducer and activator of 
transcription (STAT), which leads to its dimerization and 
translocation to the nucleus, promoting cell proliferation, 
apoptosis and differentiation .6 Among the four JAK family 
members 0AK1, JAK2, JAK3 and TYI<2), 7 JAK2 is a critical 
moderator for hormone-like cytokines such as growth 
hormone (GH), erythropoietin (EPO), thrombopoietin (TPO) 
and cytokine receptor ligands involved in hematopoietic cell 
development such as interleukin-3 (IL-3). 8 JAK2 consists of 
seven homology regions' 0Hl to JH7) and the catalytically 
active domain in JH1 is located at the carboxy-terminus, close 
to the pseudo-kinase domain in JH2. The overexpression of 
JAK2, especially the V617F variance in the JH2 domain, has 
been shown to be related to myeloproliferative disorders (by 
approximately 50% or more) such as polycythemia vera, 
essential thrombocythemia and myelofibrosis, 9

'
10 indicating 

This journal is © The Royal Society of Chem istry 2021 



RSC Medicinal Chemistry 

that JAK2 is an important target for the treatment of 
myeloproliferative diseases. 

EGFR, a member of the ErbB family of receptor tyrosine 
kinases,11 is composed of an extracellular domain, a single 
hydrophobic transmembrane region, an intracellular tyrosine 
kinase (TK) domain, 12 and a C-terminal tyrosine-rich 
region. 13 The EGFR signaling pathways a re triggered by the 
specific growth factors (such as EGF and TGFa) to the 
extracellular domain, activating autophosphorylation and 
subsequently initiating downstream signaling pathways, 
responsible for cell proliferation, survival, differentiation and 
apoptosis evasion.10

'
11 '14'1s Importantly, more than 60% of 

non-small cell lung cancer have been involved in the 
overexpression of EGFR; 16 therefore, targeting this protein is 
an important strategy for lung cancer treatment. As shown in 
Fig. lA and B, the sequence identity and similarity of (i) the 
overall structure and (ii) the conserved regions (catalytic loop, 
hinge region, glycine-rich loop (G loop) and activation loop 
(A loop)) between JAK2 and EGFR are 29% and 46% as well 
as 54% and 71 %, respectively. 

To date, several JAK2 and EGFR inhibitors have been 
reported such as lestaurtinib, 17 momelotinib, 18 and 
gandotinib19 for JAK2 as well as erlotinib20 and gefitinib2 1 for 
EGFR. Among them, ruxolitinib is widely used in clinical 
treatment for bone marrow cancer (IC5 0 against JAK2 is 4.5 
nM),22 '23 while erlotinib has been the first-line drug for lung 
cancer patients harboring wild-type EGFR (IC.,0 against EGFR 
is 2.6 nM). 2

'
1
•
2s However, these drugs have several side effects, 

e.g., anemia, balance impairment and dizziness. 26
•
27 

Moreover, acquired drug resistances of ruxolitinib (V617F/ 
L983F) and erlotinib (T79OM) have been detected after 1.5 

Idant.ity : 50 
81-iladty: 111 

Fig. 1 (A) Superimposition between JAK2 (PDB ID: 3FUP) and EGFR 
(PDB ID: 1M17) crystal structures. Tofacitinib (white) and erlotinib (dark 
gray) are shown in a ball and stick model. The sequence alignment of 
the four conserved regions: catalytic loop, hinge region, glycine loop 
and activation loop, between JAK2 and EGFR is given in (8), in which 
the sequence identity is shaded in magenta. 
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year treatment. 2 8
-

30 Accordingly, discovery of novel JAK2 and 
EGFR inhibitors is critically needed. 

Thiazoles are a class of heterocyclic compounds 
containing sulfur and nitrogen atoms at positions 1 and 3, 
respectively. Thiazole derivatives were reported to exert anti­
cancer activity against several types of cancer and were 
identified as JAK2 and EGFR inhibitors:11 

Trifluoromethylphenyl thiazole amine inhibited the 
proliferation of HMC-1.1 cells, which are hematopoietic 
progenitors in the bone marrow, with an IC,,0 value of 138 
nM.32 In addition, the 4,5-dimethyl thiazole analog 
potentially inhibited JAK2 activity (IC5 0 = 2.5 nM) and the 
JAK2 dependent cell line (SET-2; IC50 = 65 nMV3 From 
virtual screening against EGFR, the screened thiazole 
analog, namely 2-(benzo[ 4,5]imidazo[2,1-b ]thiazol-3-yl)-N­
(2hydroxyphenyl) acetamide, was found to be a potent EGFR 
inhibitor (IC50 = 55 mM) by forming a hydrogen bond with 
Met769 at the hinge region of EGFR-TK.31 Even though 
several thiazole derivatives have been reported to inhibit 
JAK2 and EGFR, the aromatic a lkyl-amino analogs of 
thiazole (Fig. 2), possessing antibacterial and anti-cancer 
activities,34 have not yet been studied in these two proteins. 

Another interesting class is chalcones. Chalcones are open­
chain flavonoids, biosynthesized in a variety of plant species.35 

From a chemical point of view they are 1,3-diphenyl-2-propen-1-
ones, which consist of two aromatic rings linked by a three­
carbon a,p-unsaturated carbonyl system . .1s Chalcone is a special 
chemical template with wide range of biological activities, 
among which are anti-cancer,-16

-
38 anti-inflammatory/9

--4
1 

antioxidant/ 1
•
42 antimicrobial,43

--4
5 anti-tubercular,46 anti­

HIV,47'48 antimalarial.49 Moreover, it was mentioned in the 
literatures that chalcones can inhibit kinases essential for 
tumor cell survival and proliferation such as EGFR,50

•
51 vascular 

endothelial growth factor receptor-2 (VEGFR-2) and B-Raf 
(BRAF) kinase.sz,s3 

In this study, taking all mentioned above into account, 
in vitro cytotoxicity screening towards erythroleukemia (TFl 
and HEL cells expressing JAK2) and lung carcinoma (A549 
and A431 cells expressing EGFR) of thiazole-based chalcones 

Cpc:110 Cpc:111 

Cpc:112 ..... 

Cpd2S 

RWloltfnlb 

Fig. 2 Chemical structures of (A) the aromatic alkyl-amino analogs of 
thiazole obtained from a previous study34 and (B) drugs. 
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(Fig. 2) was performed. Subsequently, the kinase inhibitions 
of the screened compounds towards both proteins were 
characterized. Finally, the binding interactions at the atomic 
level of potent compounds were analyzed usi ng molecular 
docking. 

Results 
Cytotoxicity 

Initially, thiazole derivatives and known drugs (ruxolitinib 
and erlotinib) at 10 µM were subjected to in vitro cytotoxicity 
screen ing aga inst TFl and HEL cell lines expressing JAK2 as 
well as against A549 and A431 cell lines expressing EGFR 
(Fig. 3) . The results revealed that the HEL erythroleukemia 
cell line was susceptible to compounds 11 and 12, whereas 
the A431 lung cancer cell line was vulnerable to com pound 
25. However, TFl and A549 cell s were not sensitive to our 
thiazole-based chalcone d erivatives. Therefore, only these 
three thi azoles-based chalcon es (compounds 11, 12 and 25) 
were selected to eva luate their half maximal inhibitory 

concentration (IC5 n) values. 
The TC5 0 values of thiazole-based chalcones and the 

known drugs towards the four cancer cell lines are 
summarized in Table 1, wh ereas the IC50 curves of these 
compounds are shown in Fig. S2.t The results revealed that 
the cytotoxic effect on TFl ce lls of compounds 11 (IC50 of 

30.23 ± 0.53 µM) and 12 (IC50 of 32.03 ± 1.07 µM) was lower 
than that of ruxo litinib (IC5 0 of 14 . .35 ± 2.0.3 µM). On the 
other hand, compounds 11 and 12 (IC5 0 of ~ 7-10 ~1M) were 
more susceptib le to HEL cells than ruxolitinib (IC5 0 of 18.62 
± 0.27 ~1M) by ~ 2-J times. In the case of EGFR-expressing 
cells, the anti-lung cancer potential of compound 25 (TC 50 of 
16.JO ± 0.78 µM and 8.04 ± 0.90 µM for A549 and A431, 
respectively) was higher ( ~2-6 fold) than erlotinib used as a 
reference drug (IC50 of 47.74 ± 6.96 ~1M and 28.70 ± 6.47 ~1M 
for A549 a nd A431, respectively) in both ce ll lines. In 
addi tion, we found that the IC50 value of the A431 cell line 

treated with compound 10 (IC5 0 of 28.49 ± 0.46 µM) is similar 
to erlotinib (28.70 ± 6.47 µM), while the IC50 value of the 
A549 cell line treated with compound 10 (TC5 0 of 62.09 ± 3.30 

µM) is higher than erlotinib (47.74 ± 6.96 µM). Altogether, 
these focused thiazole-based chalcones were then subjected 
to i11 vitro kinase inhibitory activity assay against the JAK2 
and EGFR-TK proteins. 

Fig. 3 Cell viability of (A) TFl and HEL and (B) AS49 and A431 cell lines 

treated with thiazole-based chalcones at 10 µM for 72 h. Data are 

represented as means ± SEM (n = 2). •• p $ 0.01, ••• p $ 0.001 vs. 

ruxolitinib and 11
• p $ 0.01, """ p $ 0.001 vs. erlotinib. 
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Table 1 The IC50 value of thiazole-based chalcones 11, 12 and 25 

towards TFl, HEL, A549 and A431 cancer cell lines 

ICsu (µM)" 

Compound TFl HEL Vero 

11 30.23 ± 0.53b 6.89 ± 0,38b > 100 
12 .12.0.1 ± 1.07b 9.96 ± O.:io" ND. 
Ruxolitini!J 14.3.5 ± 2.03 18.06 ± 2.62 > SO 

A549 A431 

10 62.09 ± 3.30 28.49 ± 0.46 > 100 
25 16.30 ± 0.78 8.04 ± 0.90,. > 100 
Erlotini!J 47.74 ± 6.96 28.70 ± 6.47 > 6 

" Data are shown as means ± SEM (11 = 3) and ND; not detected. "p 
$ 0.001 vs. ruxolitinib. c p s 0.05 vs. erlotinib. 

In add ition, the cytotoxicity to Vero cells, which are 
normal kidney cells, of compounds 10, 11 and 25 was 
investigated in compa rison with the known drugs, ruxolitinib 

a nd erlotinib (Table 1 and Fig. S3i"), It was found that potent 

compounds 10, 11 and 25 showed an IC,, 0 value of > 100 µM, 
which is higher than the drugs (> SO µM for ruxolit inib and 
> 6 ~1M for e rlotinib ), suggesting that compounds 10, 11 and 
25 have a low toxicity against Vero cells. Note that due to the 

limited amount of compound 12, its cytotoxicity towards Vero 
cells was not performed . 

Kinase inhibition 

To further support that compounds 11, 12 and 25 can inhibit 
the JAK2 and EGFR-TK proteins, the kinase inhibitory activity 
assays were conducted in comparison to the known inhibitors 

(ruxolitinib and erlotinib) at 1 µM (Fig. S4t). As shown in 
Fig. 4A, the kinase inhibitoiy activity against JAK2 of 
compound 11 (ICsn of 20.32 ± 2. 07 nM), compound 12 (17.64 ± 

1.68 nM) and compound 25 (IC50 of 33.88 ± 2.50 nM) was in 
the range of that of ruxolitinib (IC50 of 18.06 ± 2.62 nM). In the 
case of EGFR-TK (Fig. 4B), only compound 25 (IC,,11 of 33.66 ± 

2.61 nM) inhibited EGFR-TK activity in a manner similar to 
erlotinib (IC50 of 28.46 ± 3.09 nM), whereas compounds 11 

(IC50 of 255 .60 ± 3.10 nM) and 12 (IC50 of 143.63 ± 2.64 nM) 
showed significantly lower inhibitoiy activity than erlotinib . 

(A) 
tc••ZO.Utt.OT~ tc••f1.Mt1,NnM IC••».At2.SOnM tc••11.0lt2.UnM 

~ BL ill: BL_ . 
.. . ' . .t t I • .... _. f I a u,,..,,,,_ ltt~Ulllll'I l.ot,..JC _ 

... _ .. 
(B) 

IC••H5.IOtc1.tDnM tc.•14l.atl.MnM IC••».Mtl.ttrlll IC••HMt1."nM 

Fig. 4 Kinase inhibitory activity of thiazole-based chalcones towards 

(A) JAK2 and (B) EGFR-TK. Data are represented as means ± SEM of 

three independent experiments. 

T l11s journal is © The Royal Society of Chem ist ry 2021 



RSC Medicinal Chemistry 

These results suggested that compound 25 is a dual inhibitor 
against JAK2 and EGFR, whereas compounds 11 and 12 act as 
a JAK2 inhibitor (Fig. S6t). 

Molecular docking 

To investigate the binding mechanism of the focused thiazole 
derivatives (compounds 11, 12 and 25) towards JAK2 and 
EGFR-TK in comparison to the known drugs (ruxolitinib and 
erlotinib), molecular docking was conducted. We found that 
the fitn ess score of ruxolitinib in complex with JAK2 (62.13) 
was higher than those of compounds 11 (56.44), 12 (51.76) 
and compound 25 (53.57) (Fig. sst). Similarly, the compound 
25/EGFR-TK complex (30.68) gave a fitness score lower than 
the erlotinib/EGFR complex (36.35). 

The binding pattern and the underlying interactions of all 
focused ligands are shown in Table Sl,t and Fig. 5 and 6. 
According to the JAK2 systems, the thiazole core of compounds 
11 and 12 aligned well with the pyrrolopyrimidine ring of 
ruxolitinib at the ATP-binding pocket (Fig. 5A). Moreover, the 
nitrogen and hydrogen atoms on the thiazole ring of both 
compounds formed two hydrogen bonds (H-bonds) with 
Glu930 and Leu93 2 at the hinge region of JAK2 (Fig. 6A-C), 
while compound 25 formed H-bonds with Lys858 and Leu932, 
in a manner similar to ruxolitinib recognition. 28 The thi azole 
ring of compound 11 interacted with Leu855 and Gly856 at the 
G loop via amide-pi stacking, while the thiophene group of 
compound 12 and compound 25 bound to Gly856 through pi­
sigma interaction. Apart from H-bonds and pi interactions, van 

···- ....... , __ Hyd~n bond 

Hydr09hoblclty - - Hydroph1Uc1Jy 

Fig. 5 (A and B) binding patterns of thiazole-based chalcones and 
known drugs within JAK2 and EGFR-TK. (C and D) Hydrophobic and 
hydrophilic surfaces of compound 12/JAK2 and compound 25/EGFR­
TK complexes. (El Structural superimposition between JAK2 and EGFR­
TK, especially at the ATP-binding pocket. 
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(E)Cpd25 

(F) Erlotlnlb 
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Fig. 6 2D interactions of JAK2 and EGFR-TI( complexed with the 
thiazole -based chalcones and the known drugs. (A-D) JAK2 complexed 
with compounds 11, 12, 25 and ruxolitinib (E and F) EGFR-TK 

complexed with compounds 25 and erlotinib. 

der W;:ials (vdW) forces are also important for ligand binding 
(Table Sl t ), and the overlapped vdW contacts between the 
three thiazole-based chalcones and ruxolitinib were as follows: 
(i) hinge region: 'fyr 931, Pro933, Gly935 and Ser936, (ii) G loop: 
Leu855, Lys857, Gly858, Ser862 and Val863 (pi-alkyl), (iii) 
catalytic loop: Leu983 (pi-alkyl), Gly993 and (iv) other regions: 
Ala880 near the G-loop (pi-alkyl) and Val911 near the hinge 
region. 

In the case of compound 25 complexed with EGFR-TK, its 
thiazole core occupied the hinge region similar to 
compounds 11, 12 and 25 complexed with JAK2 (Fig, SA), and 
overlapped with the quinazoline ring of erlotinib (Fig. SB), 
Interestingly, this thiazole analog shared H-bond formation 
with erlotinib at the hinge region residue Met769 
(Fig. 6D and E). "'1 In addition, th e hydroxyl group of the 
phenol ring of compound 25 could form a H-bond with other 
residues, including Lys721 near the glycine loop. The 
matched vdW contacts between compound 25 and EGFR-TK 
were as follows: (i) hinge region: Thr766, Gln767, Leu768, 
Pro770 and G772, (ii) G loop: Leu694 (pi-alkyl), Val702 and 
Lys704, (iii) catalytic loop: L820 and (iv) other regions : near 
the G loop (Ala719, Glu738, Met742 and Leu764) and near 
the activation loop (Thr830), 

We further investigated the size of the ligand-binding 
pocket between JAK2 and EGFR by generating the protein 
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hydrophobic and hydrophilic surfaces around compounds 12 
and 25 (Fig. SC and D). The results showed that the ATP­
binding pocket of JAK2 was smaller than that of EGFR, since 
the glycine loop of JAI<2 was positioned closer to the hinge 
region than EGFR (Fig. SE). 

Drug-likeness prediction 

The potent thiazole-based chalcones against JAK2 and EGFR­
TI< were further analyzed in terms of drug-likeness by assessing 
their physicochemical properties (i.e., molecular weight (MW), 
the numbers of hydrogen bond donors (HBD) and acceptors 
(HBA), rotatable bond (RB), polar surface area (PSA) and LogP) 
derived from Lipinski's rule of five (Table 2). The obtained 
result revealed that compounds 11, 12 and 25 showed the 
acceptable value within the criteria of the rules as follows: (i) 
molecular weight :5500 Da, (ii) hydrogen bond donors :55 and 
hydrogen acceptors :510, (iii) rotatable bond :510, (iv) polar 
surface area :5140 A and (v) lipophilicity (expressed as LogP) 
:55.55 Therefore, these compounds could likely be developed as 
promising novel JAI<2 and EGFR-TK inhibitors. 

Discussion 

The thiazole-based chalcones have been previously reported 
to exhibit antimicrobial and anti-tumor activities,35 and other 
thiazole derivatives have shown anti-cancer activity against 
several types of cancer and have been identified as JAK2 and 
EGFR inhibitors. Therefore, we expected that thiazole-based 
chalcones can inhibit JAI<2 and EGFR-TK activity. 
Considering the data from the in vitro cytotoxic activity of the 
five thiazole-based chalcone derivatives against 
erythroleukemia and lung cancer cell lines, we found that 
compounds 11 and 12 were more susceptible to mutant 
JAI<2-expressing HEL cells rather than the wild-type JAK2-
expressing TFl, since the V617F point mutation in JAK2 
maintains its open conformation at the activation loop,5 6

'
57 

resulting in higher ligand accommodation. 5 8
'
5 9 In the case of 

EGFR-expressing cell lines, only compound 25 significantly 
inhibited the A431 lung cancer cell line, whereas A549 cells 
were not sensitive to all thiazole derivatives. In addition, 
compound 10 showed cytotoxicity to A431 higher than A549. 
This is because (i) the EGFR expression level found in A431 
cells is dramatically higher than that found in A54960 and (ii) 
A549 cells exhibits KRAS mutation, which constitutively 
activates downstream MAPK signalling pathways, causing a 
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compensatory mechanism.61 The cytotoxic effect on cancer 
cell lines of these thiazole derivatives was due to their 
inhibitory activity against JAK2 and EGFR-TK, in a manner 
similar to the !mown inhibitors (Fig. 4). In addition, both 
compounds 11 and 25 showed higher IC.50 than the known 
drugs in normal kidney Vero cells, suggesting that these 
thiazole derivatives could be safe for these normal cells, 
which is consisten t with a previous report showing that the 
cytotoxic effect of thiazole-indenoquinoxaline on normal 
human cells (WI-38, fibroblast) gave high IC50 (> 107 µM).62 

Furthermore, compounds 11 and 12 showed kinase 
inhibitory activity against JAK2 higher than EGFR, whereas 
compound 25 inhibited both proteins at a similar level 
(Fig. 4), indicating that compound 25 acts as a dual inhibitor, 
and compounds 11 and 12 are JAK2 inhibitors. However, the 
results from the cell-based assay were inconsistent with 
kinase inhibition in which compounds 11 and 12 were potent 
against JAK2-expressing cells, whereas compounds 25 showed 
good inhibitory activity towards EGFR-expressing cells. This 
is because cells have several factors involved in cell growth 
inhibition such as cell permeability and compound 
degradation within the cell.63 Therefore, compounds with 
good inhibitory activity from both kinase inhibition and cell­
based inhibition were selected to study the binding patterns 
at the atomic level. 

Although the fitness score of compounds 11 and 12 in 
complex with JAK2 as well as compound 25 in complex with 
EGFR was lower than that of the known inhibitors, their 
ligand-protein interactions are similar. It has been reported 
that the pyrrolopyrimidine moiety of ruxolitinib forms 
H-bonds with Glu930 and Leu932 of JAK2.64

-
66 In agreement 

with this evidence, the thiazole core of compounds 11 and 12 
interacted with Glu930 and Leu932 residues at the hinge 
region of JAK2 via hydrogen bonding. The noncovalent pi­
alkyl interaction is one of the most important contributions 
to protein-ligand complexation,67 and the glycine loop 
residues Ala880, Val863 and Leu855 as well as the catalytic 
residues Leu983 of JAK2 were found to stabilize both 
thiazoles through pi-alkyl interaction, in correspondence 
with the reported ATP binding to JAK2, showing that its 
adenine and ribose moiety are embedded in pockets 
stabilized by hydrophobic interactions. 6"

1 The thiazole core of 
compound 25 points into the hinge region, which is a 
hydrophobic pocket similar to compounds 11 and 12 within 
JAK2, while its polar phenol group embedded between the 

Table 2 Predicted Lipinski's rule of five for the thiazole-based chalcones and the known drugs. HBO, hydrogen bond donor; HBA. hydrogen bond 
accepter; PSA, polar surface area 

Lipins ki"s rule of five 

Compound MW (5500 Da) HBD (55) HBA(510) Rotatable bond (510) PSA (5140 A) LogP (55) Drug-likeness 

11 265.35 1 3 4 111.36 2.47 Yes 
12 264.37 1 2 4 98.47 3.08 Yes 
25 274.34 2 3 4 90.46 2.65 Yes 
Ruxolitinib 306.37 1 4 4 83.18 2.40 Yes 
Erlotinib 393.44 1 6 10 74.73 3.20 Yes 
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glycine loop and catalytic loop, which are hydrophilic regions 
(e.g. Asp831 and Lys721}.68 It has been reported that the 
p-OH group on the phenyl ring of thiazole derivatives can 
increase the anti-cancer potential. 69 In accordance with this 
evidence, the p-OH group of compound 25 forms H-boncls 
with Lys721 near the glycine loop and Asp831 at the 
activation loop, resulting in higher anti-lung cancer activity 
than the other analogs (Fig. 3B). 

The hinge, deep in the ATP pocket, is an important region 
called the 'gatekeeper', which controls the access to the 
'back-pocket' of the kinase.70 The ATP-binding pocket of 
EGFR was quite larger than that of JAK2; therefore, 
compound 25 is suitable for EGFR because its phenol moiety 
at the R2 position is bulkier than the thiazole/thiophene ring 
of compounds 11 and 12. This explains why the same series 
of thiazole derivatives cou Id bind to the different target 
proteins. Numerous FDA approved drugs consist of a 
nitrogen-based heterocyclic moiety (e.g., pyrrolopyrimidine 
for JAK2 inhibitors and quinazolinamine rings for EGFR-TK 
inhibitors) similar to the adenosine ring of the ATP substrate, 
which occupies the hydrophobic pocket and forms H-bonds 
with the hinge region.65

'
71 Therefore, the aromatic alkyl­

amino analogs of thiazole-based chalcones in this study 
could be used as an ATP-competitive inhibitors against JAK2 
and EGFR, since they contain the nitrogen-based heterocyclic 
ring similar to that of ATP and the known kinase inhibitors. 
Furthermore, all of the potent compounds showed good 
drug-like physicochemical properties, suggesting that these 
three thiazole-based chalcones could likely be developed as 
novel anti-cancer drugs. 

Conclusions 

In this study, we combined experimental and computational 
studies to identify novel JAK2 and EGFR inhibitors. In vitro 
cytotoxicity screening results showed that the HEL 
erythroleukemia cell line was susceptible to compounds 11 

and 12, whereas the A431 Jung cancer cell line was vulnerable 
to compound 25. The cytotoxic effect on cancer cell Jines of 
these thiazole-based chalcone derivatives was due to their 
inhibitory activity against JAK2 and EGFR-TK. From binding 
interaction analysis, it was found that compounds 11 and 12 
formed H-bonds with Leu932 and Glu930 and 
hydrophobically came into contact with Leu983 at the 
catalytic site of JAK2, whereas compound 25 formed 
hydrogen bonds within the ATP-binding pocket of EGFR at 
Met769 (hinge region), Lys721 (near glycine loop) and Asp831 
(activation loop). The bulkiness of the phenol moiety at the 
R2 position of compound 25 led to the higher selectivity 
toward EGFR-TK than compounds 11 and 12. All of the 
potent thiazole derivatives followed Lipinski's rule of five. 
Altogether, our study successfully identified novel JAK2 and 
EGFR inhibitors from the aromatic alkyl-amino analogs of 
thiazole, which can be used as promising starting points for 
subsequent drug discovery programs against erythroleukemia 
and lung cancer. 
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Materials and methods 
Cell lines and chemical reagents 

The human erythroleukemia HEL 92.1.7 (ATCC TIB-180) and 
TFl (ATCC CRL-2003), and lung carcinoma A549 (ATCC CCL-
185) and A431 (ATCC CRL-1555) cell lines, and monkey 
(Cercopithecus aethiops) kidney Vero cell line (ATCC CCL-81) 
were purchased from the American Type Cell Culture 
Collection (ATCC, Manassas, VA, USA). Roswell Park 
Memorial Institute (RPMI), Dulbecco's modified Eagle's 
medium (DMEM), fetal bovine serum (FBS), penicillin­
streptomycin (Pen-Strep), granulocyte-macrophage colony­
stimulating factor (GM-CSF) and trypsin were purchased from 
Life Technologies (California, USA). 3-(4,5-Dirnethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide (MTT), dimethyl 
sulfoxide (DMSO) and JAK2 (SRP0171) were purchased from 
Sigma-Aldrich (Darmstadt, Germany). PrestoBlue™ cell 
viability reagent was purchased from Thermo Fisher 
Scientific (Waltham, MA, USA). The ADP-GJoTM kinase assay 
kit was purchased from Promega (Wisconsin, USA). Poly (glu­
tyr) peptide (P61-58) was purchased from SignalChern Biotech 
(Canada). EGFR-TK was obtained from a previous report.72 A 
series of thiazole compounds were kindly provided by Dr. 
Athina Geronikaki from the Aristotle University of 
Thessaloniki.34 Note that due to limited amounts of thiazole­
based chalcones obtained from a previous study,3'' we 
perfo rmed JAK2 and EGFR kinase and cytotoxicity assays as 
well as a binding pattern study at the molecular level on only 
five thiazole derivatives (Fig. 2 and ESit section 7). 

Cell cultures 

The TFl cells were grown in complete RPMI-1640 medium 
supplemented with 10% (v/v) FBS, 100 U mL-1 penicillin, 100 
~tg mL-1 streptomycin and 2 ng ml-1 GM-CSF. The HEL cells 
were grown in complete RPMI-1640 medium supplemented 
with 10% (v/v) FBS, 100 U mL-1 penicillin and 100 µg mL-1 

streptomycin. The A549, A431 and Vero cells were grown in 
complete DMEM medium supplemented with 10% (v/v) FBS, 
100 U mL-1 penicillin and 100 µg mL-1 streptomycin. All cells 
were maintained at .37 °C in a 5% (v/v) CO2, 95% (v/v) air 
humidified incubator. 

Cytotoxicity in cancer cell lines 

The in vitro cytotoxicity activity of thiazole derivatives against 
the TF1 and HEL cells, which are suspension cells, was 
assessed using the Presto Blue assay, while A549 and A431 
cell lines, which are adherent cells, were evaluated using the 
MTT assay. For preliminary screening, 100 µL of TF1 (so 000 
cells per well), HEL (25 000 cells per well), A549 (5000 cells 
per well) and A431 (5000 cells per well) cell suspension was 
seeded per well in a 96-well microplate and incubated at 37 
°C overnight, and the cells were treated with compounds and 
known drugs (ruxolitinib and erlotinib) at 10 µM. Then, 
incubated for 72 h. Subsequently, 10 µL of Presto Blue 
reagent was added in TFl and HEL cells and incubated at 37 
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°C for 1 h, The absorbance of the resorufin product was 
measured. The MTT solution (5 mg mL-1

) was added into 
A549 and A431 cells and incubated at 37 °C for 3 h. The 
medium was removed, and 50 µL of DMSO was added to 
each well to lyse the cells and solubilized the formazan 
crystals. Finally, the absorbance was measured at 570 nm 
using a microplate reader (Infinite M200 microplate reader, 
Tecan, Miinnedorf, Switzerland). Each experiment was 
performed in duplicate. After screening, the compounds 
displaying a percentage of cell viability at 10 ~1M <50 were 
selected to determine their IC50 value. 

In addition, the cytotoxicity of the thiazole derivatives 
against normal Vero cells (2000 cells per well) was also 
investigated using the MTT assay. 

Kinase inhibition of JAI<2 and EGFR-TK 

The tyrosine kinase inhibitory activity of JAK2 and EGFR-TK 
was performed using the ADP-Gloni kinase assay as 
previously reported.51072 The first 8 µL of buffer (40 mM Tris­
HCl pH 7.5, 20 mM MgCI, and 0.1 mg mL-1 bovine serum 
albumin) was added to a 384-well plate. Then, 5 µL of 
enzymes (2.5 ng µL- 1 for JAK2 and 1.25 ng µL-1 for EGFR) 
and 2 µL of inhibitors were added, followed by 10 µL of a 
mixture of 5 µM ATP and 2.5 µM poly(glu-tyr), and incubated 
for 1 h at room temperature. Next, 5 µL of the ADP-Glo 
reagent was added and incubated for 40 min. After that, 10 
µL of kinase detection reagent was added and incubated at 
room temperature for 30 min to convert ADP to ATP. ATP was 
then detected by measuring the luminescence using a 
microplate reader (Infinite M200 microplate reader, Tecan, 
Miinnedorf, Switzerland). All assays were performed in 
triplicate. The relative inhibition (%) of inhibitors was then 
calculated and compared to the control with no inhibitor as 
shown in eqn (1); 

% Relative inhibition (1) 
[(positive- negative) -(sample - negative)] 

= , . . . ) x 100 
(pos1t1ve - negative 

Statistical analysis 

The data are represented as mean ± standard error of the 
mean (SEM). Differences between groups were compared 
using one-way ANOVA, followed by Tukey's test for multiple 
comparisons. An independent t-test was used for comparison 
differences between pairing values. The differences in means 
were determined at the confidence level P ~ 0.05. 

Molecular clocking 

The crystal structures of JAK2 complexed with tofacitinib 
(PDB ID: 3FUP)73 and EGFR complexed with erlotinib (PDB 
ID: 1M17}71 were downloaded from the Protein Data Bank. 
These structures were chosen because both of them were 
crystalized with the known drugs. The missing residues of 
JAK2 (residues 920-923) were built using the SWISS-MODEL 
server.74 The 3D structure of the drugs (ruxolitinib and 
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erlotinib) were obtained from the ZINC database, whilst the 
3D structure of compounds 11, 12 and 25 were generated 
using the Gaussian 09 program. All the ligands were 
optimized using the Gaussian 09 program (HF/6-31d) as per 
the standard protocol.75

-
7 7 The protonation state of all 

studied ligands was characterized using the ChemAxon.78 

For system validation, the crystalized ligands were defined 
as a center in the active site for redocking using GOLD 
programs which are based on genetic algorithm (GA),79 and 
the results are shown in ESI Fig. S1.t The docking protocols 
were as follows: (i) the JAK2 system was set as 12 A for sphere 
docking and GOLD score and ChemScore (rescore) for the 
scoring function; (ii) the EGFR system was set as 15 A for 
sphere docking and ChemScore for the scoring function. All 
systems were used as 100 docldng poses. The binding 
between proteins and compounds/drugs was visualized using 
the UCSF Chimera package80 and Accelrys Discovery Studio 
2.5 (Accelrys Inc.). 

Physicochemical predictions 

Physicochemical features such as hydrogen bond donors, 
hydrogen bond acceptors and drug-likeness play an 
important role in drug discovery and development. 81 Herein, 
such properties of the potent compounds 11, 12 and 25 were 
calculated in comparison with drugs (ruxolitinib and 
erlotinib) using web-based application SwissADME (www. 
swissadme.ch/).82 
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Abstract 

Tyrosine kinase (TK) domain of epidermal growth factor receptor (EGFR) is the 

intracellular domain, which is phosphorylated by using ATP as the substrate when the receptor 

is activated. The downstream signaling cascades, such as Ras/Raf/MAPK and PI3K/ AKT 

pathways, are subsequently stimulated. These pathways regulate cell growth and cell 

proliferation. The secondary T790M point mutation in the EGFR TK domain co-occun-ed with 

pre-existing L858R mutation causes drug resistance in cancer patients. Herein, all-atom 

molecular dynamics (MD) simulations are employed to investigate the precise role of this 

secondary mutation causing a high level of resistance to erlotinib. At the same time, principal 

component analysis (PCA) is used to reveal the change in protein motion due to such mutation. 

As a result, the secondary mutation has caused the disruption of the middle region, including 

binding site formation. In the EGFR harboring the T790M/L858R mutation, the protruding of 

the mutated residue M790 to the drug molecule leads to the quinazoline ring, a core of tyrosine 

kinase inhibitors (TKis), swaying out of the pocket concerted with N-lobe movement in the 

similar direction. It resulted in a lower hydrogen bond interaction with the residue C797, the 

hot spot position for an oncogenic mutation that overcomes the T790M-targeting EGFR 

inhibitors (third-generation TKis), and also a target position for covalently-linked drugs. 

Therefore, the harboring secondary mutation cannot supp01i the binding of incoming erlotinib 

through affecting the ligand movement and its N-lobe. The overall data shows the molecular 

mechanism of how erlotinib resistance associates with the development of T790M mutation in 

patients. 
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Introduction 

Chemotherapy is the most common treatment for cancers; however, its side effects 

diminish the quality of the patient's life 1• Targeted therapy is introduced to decrease the side 

effects of chemotherapy. Instead of killing rapidly-dividing cell likes chemotherapy, the 

targeted therapy can inhibit specifically at the proteins found in cancer cells or involved in 

cancer cell growth. Hence, the side effects are lower than chemotherapy2. In non-small cell 

lung cancer (NSCLC), the general protein for a targeted drug is the mutated epidermal growth 

factor receptor (EGFR). EGFR is the transmembrane receptor that consists of three domains: 

an extracellular ligand-binding domain, a single transmembrane domain, and an intracellular 

tyrosine kinase domain3. After binding to its ligands (EGF and TGF-u ), EGFR can trigger three 

main pathways: RAS/RAF/MAPK pathway, Pl3K/AKT pathway, and JAK/STAT pathway4. 

All of these pathways involve cell proliferation and apoptotic inhibition. EGFR mutation in the 

tyrosine kinase (TK) domain causes the autoactivation of downstream pathways, ultimately 

leading to an uncontrollable increase of the cell. TK domain can be divided into the N- and C­

terminal lobes. One of the most common mutations in this domain is L858R substitution, which 

accounts for 41 % in NSCLC5. 

Erlotinib or Tarceva (trade name, Figure 1) is a tyrosine kinase inhibitor (TKI) used to 

treat NSCLC. It binds at the hinge region between N-lobe and C-lobe of the TK domain. The 

progression of cancer is inhibited in a period. After that, some patients develop drug resistance 

against erlotinib. Many possible resistance mechanisms were proposed7
. One of those is the 

T790M secondary mutation, which is 50-85% repo1ted in clinical repo1ts after patients resisted 

to tyrosine kinase inhibitors8- 10 . This mutation occurs in exon 20 and locates at the drug-binding 

pocket (Figure 1). The roles of this mutation in drug resistance were found to enhance ATP 

binding and thought to be steric to the binding of TKis since this 790 position is the 

"gatekeeper" 11 • However, the molecular mechanism of drug resistance due to the 
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T790M/L858R mutation, especially the dynamic behaviors and drug-protein interactions, was 

not well described. Thus, we aim to investigate the source of erlotinib resistance caused by the 

secondary mutation T790M in EGFR TK domain in active conformation relative to the wild 

type and primary L858R mutation at atomic level. Herein, all-atom molecular dynamics (MD) 

simulations together with principle component analysis (PCA) were used to gain insight about 

structure and dynamics. Apo forms of wild type, L858R and T790M/L858R strains were also 

simulated in this study for comparison. Note that the drug-target binding affinity in several 

EGFR TK mutants were previously studied by the in silica methods [refs]. 

a) 

N-lobe 

C-lobe 

= Glycine rich loop 
=C-hellx 

erlotinib 

b) I)/ 
21 

11 

12 

Figure 1. (a) Complex structure of erlotinib binding to EGFR TK domain. (b) Chemical 

structure of erlotinib where the atomic labels are shown for fmiher discussion. 

Results and Discussion 

To monitor the stability of the system, the root-mean-square displacements (RMSDs) 

of all atoms for complex, protein backbone, and erlotinib relative to those of the minimized 

structure were computed throughout the MD simulations. RMSD plots of all systems are 

provided in Figure 2. RMSD values of all complexes or proteins rapidly increase in the first 
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10 ns due to their initial steps of simulation, heating, and equilibration. It can be seen that after 

120 ns, all systems have reached equilibrium. The fluctuation of wild type-erlotinib (WT­

Erlotinib) shows the reduction of RMSD values indicating a more stable structure after drug 

binding. The other complexes, L858R and T790M/L858R, exhibit a similar pattern of RMSD 

plot with those in apo forms but differ at its equilibrated values. Based on entire plots, the 

trajectories from the last 80 ns are selected for fmiher analyses in terms of2D-RMSD, principal 

component analysis (PCA), dynamic cross-correlation map (DCCM) and ligand-protein 

hydrogen bonds to understand the source of drug resistance due to the introduction of the 

secondary mutation T790M. 
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Figure 2. Root-mean square displacement (RMSD) of all SlX systems: WT, L858R, and 

T70M/L EGFR TK without and with erlotinib bound. Black, gray, and light gray represent 

RMSDs of all atoms for protein (apo form) or complex (holo form), backbone, and erlotinib, 
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respectively. The dashed line indicates the selected period of equilibrated trajectories for 

further analyses. 

Pair-Wise Root Mean Square Displacement Matrix Analysis (2D-RMSD) 

2D-RMSD is a useful method to investigate the overview of structural changes at a 

specific time relative to any time point of the simulation. The 2D-RMSD results for all systems 

are given and compared in Figure 3. Three to four blocks of blue color along the last 80 ns of 

simulation in WT, L858R, and T790M/L858 suggest a decrease in structural differences. In 

comparison with apo-wild type, both kinds of mutations in apo forms show a bigger cluster of 

similar structures and maintain the structure at that stage longer than that of wild type. The 

reduction of conformational changes is observed when the erlotinib binds to wild type. Similar 

to those of apo form, T790M/L858R complex has even lower conformational changes (bigger 

deep blue blocks). In the L858R complex, blue blocks are similar in size with those of apo 

form but differ by simulation time. The blocks were between 120 to 150 ns and 150 ns to 200 

ns. Two blue blocks were shown in T790M/L858R, i.e., one is between 120 to 140 ns; another 

one is between 140 to 200 ns. Thus, the binding of erlotinib induces stability in all strains with 

different conformational clusters. 
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Figure 3. Pair-wise root mean square displacement matrix (2D-RMSD) of all atoms for the six 

systems: WT, L858R, T790M/L858R, WT-Erlotinib, L858R-Erlotinib, and T790M/L858R-

Erlotinib. Each point is the RMSD between two conformations at the same or different time 

points of simulation. Different colors represent RMSD values. Blue is the lowest RMSD value, 

0 A, while red is the highest RMSD value, 12 A. 

Dynamics Cross-Correlation Map 

To examine the correlation of motion between residues , the dynamic cross-correlation 

matrix (DCCM) is computed over the selected 80 ns trajectories . The Cij elements of matrix 

vary from -1 to + 1, -1 is entirely anti-correlated or opposite in the direction of motion, while 

+ 1 is completely correlated or the same direction of motion. Different colors represent Cij 

values as heat maps in Figure 4. The diagonal line (red) is the result of the correlation of each 

residue with itself. DCCM can give information of the correlation between residues over the 
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period, but the information of motion from DCCM cannot be visualized as a three-dimensional 

picture like principal component analysis (PCA) does. The correlation of apo-wild type strain 

ofEGFR TK is divided into four regions, the residues 696-790, 791-860, 875-1000, and 1001-

1018, corresponding to N-lobe with juxtamembrane, the upper region of C-lobe, the lower 

region of C-lobe and C-terminal region, respectively. The N-lobe moves similarly with the 

upper and lower region of C-lobe, whereas almost the opposite manner to the C-terminus. The 

correlation of L858R EGFR mutation is similar to that of wild type but with less positive 

conelation among each region. The conelation block in T790M/L858R double mutation differs 

from the other apo strains. The positive correlation block is found between the residues 750 to 

860 in the middle region of EGFR (lower part ofN-lobe, the hinge region, and upper part of 

C-lobe). Thus, the primary mutation maintains the conelation as that of wild type with a higher 

degree of independence among regions. In contrast, the secondary mutation promotes the 

positive conelation in the middle region leading to the dependency between N-lobe and C-lobe 

connected with the hinge region. In other ways, the secondary mutation keeps the protein 

regions to behave similarly by controlling the linker region. The binding of erlotinib likely 

reduces the internal and external positive correlations among the four regions in wild type 

compared to that of apo form. It also increases positive correlation inside the N-lobe of the 

L858R strain to become stronger and more prominent, which is similar to that of apo-wild type. 

Interestingly, the binding of erlotinib to T790M/L858R mutant strain causes the disruption of 

positive conelation in the middle region, as previously mentioned in the apo system. Hence, 

the primary and secondary mutations induce the stronger and weaker correlations in the N-lobe 

and upper pa1i of C-lobe, respectively, after complexation with erlotinib. A similar effect was 

observed in the previous study, which carried out in wild type and G719S EGFR TK31
• They 

found that the stable core was the lower C-lobe region, as we found in the con·elation map of 

wild type and L858R strains. The N-lobe, mostly harboring the mutation hot spots, was 
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responsible for protein flexibility. Moreover, the oncogenic mutation stabilized the regions 

around the binding site, including the hinge region, as we observed the correlation formation 

in the middle region in the secondary mutation. 

Residue number 

Figure 4. Dynamic cross correlation map (DCCM) represents the correlation between residues 

by defining Cij value + 1 as completely correlated (move in the same direction) and -1 as 

perfectly anti-correlated ( opposite direction). Colors are represented the Cj values from -1 to 

+l. 

Principal Component Analysis 

The principal component analysis (PCA) or essential dynamics is a powerful statistical 

tool to describe the dynamic motions of the structure32
-
33

, in which a summation of all 

eigenvalues of each eigenvector in the system is equal to the total variance indicating the 

fluctuation in the protein. Figure S2 in Supporting Information shows the total variance 
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values of each system. The binding of erlotinib in primary mutation does not reduce the total 

variance, whereas it is decreased in both wild type and secondary mutation. 

The scatter plots between the first and second principal components in Figure 5, PC 1 

and PC2, reveal the different distributions of protein conformations deviating from the 

averaged structure and its pattern. The zero value corresponds to the averaged structure. 

Although all plots of apo forms were able to be classified into two to three clusters, the apo­

wild type showed the least darkness in each cluster. The conformations of apo-wild type were 

distributed higher than those of others, suggesting that its structural states were varied. These 

results are in agreement with those from 2D-RMSD in which multiple states of conformational 

changes are less observed in both primary and secondary mutations, and no matter they are apo 

or complexed form. 

The first PCA mode (PC 1) indicates the highest amplitude of protein motion. The PC 1 

direction (arrowhead) and its amplitude of motion (length of arrow) for all six systems are 

depicted in Figure 6, together with the protein motion shaded by different colors. The 

juxtamembrane and C-terminal are the most mobile region in all systems. N-lobe and C-lobe 

of apo fo1ms tend to move down in all strains with small amplitude except those of 

T790M/L858R strain, which tends to move up. The binding of erlotinib results in the twisting 

of N-lobe in wild type and T790M/L858R strain to the right side, but it slightly moves up in 

the L858R strain. Moreover, the movement to the right side of the N-lobe in T790M/L858R 

strain with higher amplitude than other complexes was found, indicating the lower stability 

when erlotinib is bound. This region's correlation is disrupted in DCCM analysis. Thus, the 

secondary mutation causes the dynamic behavior of N-lobe to be more mobile and 

disassociation of C-terminus from N-lobe, which resembles wild type strain. However, the 

stability of the TK domain except for the end of C-terminus and juxtamembrane is in 

agreement with the previous NMR study suggesting that the kinase domain was rather rigid34
. 



Motions of ligand, erlotinib, are depicted in Figure 7. Erlotinib bound to T790M/L858R sways 

out of the binding pocket to the right-hand side with a higher amplitude compared to the other 

strains. The quinazoline ring plays a vital role in this swaying. The mutated residue M790, 

bigger than that of T790, still protrudes to the drug though it tended to move inside slightly. 

Residue C797 in the secondary mutation moves in the almost opposite direction with the 

quinazoline ring ( discussed further in the hydrogen bonding section). In contrast, erlotinib is 

less mobile in wild type and L858R strains. Thus, the secondary mutation T790M causes 

erlotinib moving out of the binding pocket with a high amplitude of motion in concerted N­

iobe translocation. 
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Figure 5. Scatter plot between the first (PC 1) and second (PC2) principal components. Zero 

value corresponds to the averaged structure. The deviation from the averaged structure 

indicates how much each conformation in simulation differs from the average one when PC 1 

and PC2 are employed. 
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WT (PC1=24.97%) 

WT-Erlotlnlb 
(PC1=45.73%) 

L858R (PC1=15.68%) 

L858R WT-Erlotlnlb 
(PC1=37.72%) 

Hlghmoblllty 

Lowmoblllty 

T790M/L858R (PC1=24.55%) 

,. 
I ~ • •' 

♦ , • ~-- · 

T790M/L858R WT-Erlotlnlb 
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Figure 6. The first principal component (PC 1) of each system is demonstrated by arrows (green 

color) and colors in the protein structure, where its percentage is given in the bracket. The 

a1Towhead indicates the direction of motion while its length reflects the amplitude. The big 

black arrows show simplified N-lobes' direction of motion, which arrow sizes reflect their 

amplitudes of motion. The protein mobility is color-scaled by blue to red. Red color indicates 

the region with high mobility, whereas blue color indicates low mobility. 
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WT-Erlotlnlb L858R WT-Erlotinlb T790M/L858R WT-Erlotlnlb 

Figure 7. PC 1 motion of the three critical residues of the EGFR TK domain, T790M, M793 , 

and C797, as well as erlotinib. 

To investigate the difference of protein motion between the two systems, their sets of 

trajectories are combined for PCA calculation. The PCl of the combined trajectories from the 

two considered systems, EGFR TK domain without and with erlotinib bound, is shown in 

Figure 8. The region that exhibits the highest amplitude is focused. The difference of region 

among all three strains of both apo and complexed forms is mainly the glycine-rich loop (G­

loop) and the linkage between N-lobe and C-helix. Apo strains barely differ at the C-lobe, 

whereas the difference in the N-lobe of complexes is increased, suggesting that the binding of 

erlotinib influences the motion of N-lobe. Noticeably, the difference between apo and 

complexed forms of each strain is G-loop in wild type, the linkage between N-lobe and C-helix 

in L858R, and G-loop in T790M/L858R. The linkage between N-lobe and C-helix in the 

L858R strain is different from that of the T790M/L858R strain. Altogether, the protein motion 

seems to mainly differ by its G-loop and also by the linkage between N-lobe and C-helix. 
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Complex systems 
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High 
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Low 
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Apo T790M/L858R/ 
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Figure 8. The PCl of two combined trajectories for (a) apo systems (WT, L858R, 

T790M/L858R) and complex systems (WT-Erlotinib, L858R-Erlotinib, and T790M/L858R­

Erlotinib ), and (b) apo and complex systems in each strain. Blue and red colors indicate the 

region with low and high differences in motion, respectively. The dashed line encloses critical 

regions of the binding pocket showing different motions. 

Hydrogen bonding between erlotinib and EGFR TK domain 

To investigate the formation of hydrogen bonds between erlotinib and the residues in 

the binding site of EGFR TK domain, the hydrogen bond occupation is calculated by using the 

criteria: 1) the distance between hydrogen bond donor and acceptor is not over than 3.5 A, and 
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2) the angle between hydrogen bond donor, hydrogen and hydrogen bond acceptor is larger 

than 120°. The formation of intermolecular hydrogen bonds of erlotinib with its occupation is 

drawn in Figure 9. In the wild type and L858R strains, erlotinib is stabilized by a strong 

hydrogen bond with M793 and a weak hydrogen bond with C797. M793 is also found to form 

hydrogen bonding with co-crystallized ligands and erlotinib analogs in both X-ray 

crystallography and computation35
-
36

. The secondary mutation has not only caused high 

mobility of erlotinib in the binding site as mentioned above but also led to a reduction in drug­

residue C797 interaction, directly resulting in a low binding affinity of erlotinib37
-
38

. Moreover, 

one of the strategies to overcome the drug resistance is to design the covalently-linked drug 

with C79739 residue, which is an oncogenic mutation hot spot in third-generation of anticancer 

drug development40
. Thus, the step of drug resistance development is the decrease of 

interaction with C797 by causing the second-generation TKis swaying out of the binding 

pocket in secondary mutation, and then the C797 itself completely loses its interaction with the 

T790M-targeting EGFR inhibitors (third-generation TKis) by mutating to be S797. 

WT-Erlotinib L858R-Erlotinib T790M/L858R-Erlotinib 

Figure 9. Hydrogen bonding between erlotinib and the two residues of EGFR TK domain in 

the three complexes represented using the last MD snapshot: WT-Erlotinib, L858R-Erlotinib, 

and T790M/L858R-Erlotinib. 
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Conclusions 

In this study, we investigated the effect of secondary mutation T790M in the EGFR TK 

domain (T790M/L858R), which highly caused the erlotinib resistance, by all-atom MD 

simulations and principal component analysis (PCA). The DCCM results demonstrated that the 

secondary mutation likely destroyed the stability of middle region formation when there was 

incoming of erlotinib. From the PCA study, the protruding of T790M closely to the drug affects 

its quinazoline ring, which is the core of TKis inhibitor to sway out of the binding pocket and 

consequently weakens the hydrogen bond interaction with the crucial residue C797. The ligand 

motion was in the same direction as N-lobe. Besides, the twisting of N-lobe in wild type and 

secondary mutation cannot be observed in the primary mutation. The structural and dynamic 

changes due to the introduction of T790M in both the protein itself and the incoming drug 

systems likely caused the binding affinity of the ligand/protein complex. All obtained data 

could explain the primary source of erlotinib resistance in the patients who develop the T790M 

mutation. 

Methods 

System Preparation 

All initial systems were prepared from MODELLER 9v8 program 12
-
14 and AMBER 16 

package program 15 • Homology models of apo-EGFR TK domain in wild type, L858R and 

L858R/T790M strains, were constructed by using PDB entry code 5EDP as template. Residues 

M790, A865, A866 and A867 in homology model were changed back to be T790, E865, E866 

and K867, respectively, using LEaP module of AMBER 16 program, while the residue M790 

remained in homology model of L858R/T790M EGFR TK domain. L858R mutation model 

was also prepared by LEaP module. All holo forms of EGFR TK domain in complex with 

erlotinib were constructed by using lMl 7.pdb as template. L858R and T790M/L858R 
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mutations acquired from manual mutation. To mimic the intracellular domain of EGFR, the 

juxtamembrane region and C-terminal region were also included in all models 16•17• The 

coordinates of erlotinib in complex with those holo forms were obtained from the co-crystal 

structure of EGFR TK domain with erlotinib bound (lMl 7.pdb). The template and erlotinib 

coordinates for all systems were summarized in Table 1. 

Table 1. Template and structural coordinates of erlotinib for all studied models. 

System Template Coordinates of erlotinib 

WT 5EDP 

WT-Erlotinib 1M17 1M17 

L858R 5EDP 

L858R-Erlotinib 1M17 1M17 

T790M/L858R 5EDP 

T790M/L858R-Erlotinib 1M17 1M17 

The protonation state of possible charged residues (Asp, Glu, Lys, Arg and His) for all 

models was assigned at pH 7.4 with PROPKA3.0 18
• Missing hydrogen atoms were added by 

the LeaP module in AMBER 16, which were then minimized with 1000 steps of steepest 

descents (SD) and 2000 steps of conjugated gradient (CG). In order to neutralize the system, 

chloride ions were randomly added. Finally, TIP3P water molecules were filled to construct 

the system in solution with distance of 13 A from the protein surface. The AMBER ffl 4SB 

force field 19 and the generalized amber force field20 (GAFF) were used to treat for protein and 

erlotinib, respectively. To obtain the partial atomic charges of erlotinib, the ligand coordinates 

obtained from the crystallographic structure were optimized by the HF /6-31 G* level of theory 
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by Gaussian0921 in according to the standard procedures22-24. Then electrostatic potential (ESP) 

charges were fitted using the single point energy calculation at the same level of theory on the 

optimized structure of ligand, which were finally conve1ied to the restrained ESP (RESP) 

charges using the antechamber module in AMBER 16. The minimization processes of each 

system were divided into: 1) hydrogen and water minimizations under a restraint on the rest 

atoms with weight of 10.0 kcal/mol2-A2, 2) minimization under a restraint on the protein 

backbone atoms with weight of 10.0, 5.0 and 1.0 kcal/mol2-A2, respectively, and 3) 

minimization on whole system. Each step of minimization consisted of 2500 steps of SD and 

followed by 2500 steps of CG. 

Molecular Dynamics Simulations 

All systems were performed by all-atom MD simulation under periodic boundary 

condition (PBC) by following our previous studies25-27. SHAKE algorithm was applied to 

constrain all covalent bonds involving hydrogen atoms. A non-bonded cutoff of 12 A was used. 

Long range electrostatic interactions were treated using particle mesh Ewald (PME). Each 

system was heated to 310 K for 200 ps with harmonically restrained protein of 10.0 kcal/mol­

A2. Subsequently, NVT equilibration was performed for 200 ps. Then, 1 ns ofNPT simulation 

was performed with decreasing restraint weights on the protein position reduced from 10.0 to 

5.0 kcal/mol-A2, respectively. After that, the restraint was removed and full MD simulation 

was can-ied out until 200 ns by the PMEMD module in AMBER. All results were analyzed by 

cpptraj module in AMBER 16. 

Principal Component Analysis 

In order to examine the motion of protein in each system, principal component analysis 

(PCA) was applied on the 5000 frames from the last 100 ns. To perform PCA, the covariance 
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matrix size of 3N x 3N is calculated (N is number of atoms) after removal of rotational and 

translational motions. Then, the covariance matrix is diagonalized to provide eigenvectors 

describing the dynamic motions of structure, and eigenvalues indicating how much each mode 

contributes to the entire dynamics. 

The probability distribution of the first principal component PC 1 was divided into the 

first 50 ns and the last 50 ns as shown in Figure S1 of supporting information. Bin interval 

was set to 20. The frequency of population was counted when it fell in each bin (x) and was 

then normalized to provide probability. Let p(x) and q(x) are probability distributions of the 

last 50 ns and the first 50 ns, respectively. Integral over p(x) and q(x) must be equal to 1, and 

p(x) > 0 and q(x) > 0 are for any x. Not every x interval has the overlapping of probability 

distribution between the first and last 50 ns; however, the percentage is higher than 55% (Table 

Sl in supporting information). Kullback-Liebler divergence28 (DKL) was then employed in 

the combination with PCA to investigate the convergence between the two probability 

distributions from the first and last 50 ns using the eq 1. If probability distribution p(x) is the 

same with q(x), DKL is equal to zero. In contrast, if DKL is high or reaches oo, it indicates that 

two populations are different or diverged. It can be seen from the results in Table S1 of 

supporting information that our simulations still showed the partial convergence between the 

first and last 50 ns of simulation. 
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